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I.

1 BSTEACT

This study reviews the history and developmsnt Cf M

electric propulsion drives, the types of electric propul-

sion, and the inhere-nt losses which occur within the synch-

ronous AC macines typically used for high-power propulsion

systems.
A thorough review of the literature pertaining to hear

transfer in electrical machinery is made. In particular,

the use of liquid cooling in various flow configurations,

including buoyancy-driven thermosyphons and two-phase ther-

zosy~hons, is analyzed.

Forced-liquid cooling is feasible, but the r~quired

rotating seals are a problem in reiability. Clcsed-looD

thermosyphon cooling appears feasible at high rotational

speeds, athough a secondary heat+ exchange through the shaft

is required. Closed, two-phase thermosyphons and h.at pipes

are also feasible, but require forced-air circulation for

heat rejection tc the ambient. Since all of these concepts

deserve additional attention, areas for further research and

development are recommended.
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* 103 ENCLATURE

Latin Symbols

a tube ra oius (m)

Ac H 22/g

Cp specific heat (kJ/kg.K)

d tube diameter (mn)

*f friction factor

F ccondensation factor for equation (3.6)

P stress ratio = / 6g P 1
9 accel-era'-ion of gravity (m/s 2 )

Gr Grashof rumbar =g ATd 3 / V2

*Grr Rotational Grashcf number = H 22 6 ATd 3 / V2

hfg heat of vaporization (kJ/kg)

H radius cf rot.aticn (mn)

j volumetr ic flux (i3/S)

1*dimensicnless volumetric flux P j o1/2[gD(Pf-P ))p/z
g* g

a Ectational, Reynolds number = £Pd2/ V

k thermal. conductivity (W/M.K)

Ktcr-cr.itical transition value (for equations 2.11-2.15)

K1= JRe (for equation 2. 1L4)

Kt - J2 /Rq (for equations 2.11 &2.12)

L length of tube (mi)

**p pressure (Pa)

P pressure (Pa)

Er Prandtl numberrZ q Icfic heat -flux (W/in 2)

0 Heat load (W)

P a Rayleigh number (Gr*Pr)
Par Rotational Rayleigh number (Grr*Pr)

Be Reynclds number =d/

10
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Fo F.csshy number = V / d

S sWi: . number = 1, mo

. t temperature (K or )C)

-- V velocity (m/s)

Greek Symbols

• void fraction or thermal diffusivi-y (unitlss C- m2/s)

Q,- ccefficiant of thermal exoansion (1/K)

5 film thickness (m)

Y ratic cf specific heats

A difference in values

T temperature gradient (K/m)

.., density (kg/m3)
"-- visccsity (N.s/M 2 )

0 surface tension (N/m)

V kinematic viscosity (m2 /s)

4Q angular velocity (1/s)

Subscripts

0 stationary referencs

am arithmetic mean temperature differance

b bulk ccnditicn

E boiling section

c cccled section

cr critical value
.- E entrainment value

h heated section

1 lainar conditions

* . 1 liquid state

- . s sonic valua (N=1)

sat saturation value
t turbulant conditions

v vapor state

--.., 1 1

V



w wall ccraition

m mean condition

12



ACKNOCWLE!DGME NT

Ihle author wishes to express his Sint( -9 appreciati;Cn

fcr +-he guidance, support, and understanding q-"ven by 'his

adviscr, Prof-issor P. J. tiartc, inthe pzeparat-Jor of this
4 hesi-s. Thanks are also given to Dr. A. S. Wanniarchch fo r

his expqrt assiLstance during the study. Finally, a Special

acknowle dgmervt is also due my wife, Lesley, for the excep-

tional amount of patience shown during the preparation. of

this thesis.

13

!Ah ~



I. INTRODUCTION

The marine engineer and naval architect ar. charged with

creating a design of a vesse! from a broad set of require-

ments for the ship system prepared by the customer. This

requires a vqry structured procadur, for preparing th-

design-based comparisions and eccnomic t-:ade-off s-udiss at

each and every stage cf the developmant of the desiqr.. Thes

end result is a complete set of design requirements from

which to construct the final product (this result should

meet the original design requirements!)
This structured procedure has the form of the well-known

"design spiral" [Ref. 1), which is shown in Figurs 1.1 for

%-" the propulsion machinery. This procedure oncompasses the
. total ship desigr, including (but not limited to):

main Prculsio- SIvstem

Shaft horsepcwer

Propeller RPM

Specific fuel consumption and bunker capacity

Space and weight objectives

Adaptability to ship configuration

uxl.a= _Shi Systems

Power and lighting

Steam-galley, deck, and heating systems

Heating, ventilating, and air conditioning

Firefighting and ballasting

Fresh water

14i



. . . . ...
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Hull En~in ina Svstems

Anchor handling

Steering engine and bridge tai.emetering ccn-trol

Cargo handling gear

Crane systems

Electronic and Navicatior Svs-ems

-" , Communicaticn, exterior and interior

Radar

Loran, Omega, etc., navigation aids

military electronics, spnsors, command and control

systems, weapons directors, tactical data systpms,
I.N and electronic countermeasures.

In order to design the vesse. within econcmic constraints,

or to use the life cycle ccst as the function tc cptimize,

it is imperative to define initially the devices used to

-4.. provide the power for the vessel. They must provide most for

the least, in terms of the fuel that they expend and the

volume and weight that they possess.

The selection of the main propulsion plant requires

matching the power of the generating device with a transmis-

sion (in mcst cases) , the propulsor, other ship systems and

the hull. If one limits the choices of propulsors to fixed-

pitch propellers and controllable and rsversible-Pitch

propellers, which are currently realistic for large vessels,

the number of possible permutations remains quite sizable,

as shown in Figure 1.2. The horsepower and RPM requirements

cf modern warships require the use of a transmission to
couple the high RPM of an economical prime mover with the

low BPM required at the propulsor for high pzcpulsivg

15
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efficiency. This transmission may be either mechanical or

electrical. The mechanical reduction gear haS been

exploited in the cast to minimize volume/space req'1ir=,ments.

When coupled to a reversible prime mover, such as a stsam

turbine, ithas' been proven to be quite acceptable.

!!owever, the ele ctrical transmission has several a6tractive

feat ures, such as ease of propulsor speed and diraction

control, flexibility in the the number and location of

controls, freedom of installation and machinery layout,

coupling of vari ous prime movers independently to propulsor

drives (as well as cther auxiliary applications) , and tho

ease of auxiliary thruster installatilon for maneuvering

* ccntrol.

*The choice of the propulsion plant includes many impor-

tant factors, such as:

1. ReliabilityK 3. Space and arrangement requirements
4. Weight requirements

5. Type of fuel required

16
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6. Fu-i consumn.i:cn
. rac-io.-+ ! ;cws and transis - _ - r

r. --rrp a ti'c - s wit h ..".I. a e

9. reversing capabil it"

10. Operating personnel

11. Rating limitations

12. Costs
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Figure 1.2 Propulsion Plant Alternatives.

These factors have gone through many cyclic changes

based on the fluctuating economy. The recent emphasis on

fuel ccsts and availability has driven the fuel

consumption/prime mover efficiency to a much higher level of

concern than it was previously given. The cost of acquisi-
tion cf nev vessels has skyrocketed, as well as the costs of

maintenance and repair. These escalating costs arc a chal-

lenge to the engineer of today. The economic considerations

of the initial cost cf a plant, the cost of maintenance an!

repair, and the cost to operate a plant frcm its

17
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constructicn to its retirement, also coined "IC:  zc' 1

cost, is the driving force that controls t!. desin-

mcdrn warsh-D.

Of the list of prime movers shown in Figure 1.2, th-

lif e-cycle cost f the marine gas turbine is cn of th=

Z- % lowest. The economy of operation is maximized within a

rather narrow range of RPM's. This has beqn tolerate.d in

the current employment of this dsvice, since the cost of

utilizing an electric transmission to accomplish the goal of

operating the prime mover within its maximum economy range

did not offset the lcss of efficiency experienced by the gas

turbine. This was due to the technology that existed within

the field of electrical controls at the time. The advent of

electronic frequency control of the output of the generator,

independent of RPM cr poles, and the frequency control of

the synchronous motor, independent of its supply frequency,

makes the use of the electrical transmission much more

attractive. Although ths initial cost will be higher, th .

cost of operation, maintenance, ani repair of the system

will rapidly offset the initial cost differential (Ref. 2],

[Ref. 3], and (Ref. 14]. An analysis of the economic and

engineering considerations involved with this mechanical vs.

electrical drive selection was made by Eric Gott and S. 0.

Svensson (Ref. 5] in 1974; they clearly illustrated the

natare of the problem and possible solutions. In their

paper, it was evident that the selection of some of the

possibly more appropriate forms of electric drives was

discouraqed due to t.e economics of the choice. High-power

frequency-ccntrolling equipment was very expensive and

bulky. Recent advances in high-power, solid-state equipment

6, have now again prcmotsd these alternatives into viabls

, .. contenticn.

- .
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I. HISTORICA~L DEVELOPMENT

From thr- early attempts by the Russians in ths e 139O

pzue: sna. passanger ::-

* experiments with small submersibles, to tae present, the use

of: elec:ric propulsion has made a slow evolution. The U.S.
Navy bpq;%n with the Jupiter in 1911. It- was a 5500 hp/shaf-'

vesspl :epuipped with wourd -rotor indaction mo.t o rs, which

fulfilled a 30-yea: lifespan (termlnated by surfacs wafs

activity ;.r. 1943, while sgervirng as an aircraft c a r:er

(Lan gelv)) This led to several major programs, summari-zeo!

* * below:

*AC drive installed on five7 - battle ships of

30,000.hp (1918-1 922)

*AC drivs applied to carriers Saratoga and Lexington~ of

200,OO0hp (1920)

*synchronous ac drive in~troduced on four Coast Guard

cutters (1919)

*Synchronous ac drive in the liner Normandie at

160, 000hp ( 1935)

*Synchronous ac drive and full dynamic braking in

cutters (1940)

In the U.S.Navy Bureau of Ships Manual (BUSHIPS

250-660-2) , dated 1 March 19'45, the text states that the

Ravy's inventory of ships that used electric drive (in addi-

tion to above) was "....about two hundred destroyer escorts

and about one hundred other ships including tankers, cargo

tranercrts, troop transports, and store ships." All of these

applications wers with steam turbines (which were speed-

adjustable and reversible) and eventually this design lost

favor t c the less expensivs mechanical reduction gear

sys-ems which were somewhat lighter. The wqight of t1hese

19



crig ina-! elsc.oric iriv systems was ue ' .

f '-] freuercy r-!aticnship of RPFMc the nim be; of p les. e s

is! c h,? bc crf4au r atIo o f two pola 7--r--

(3600RP !) and twent y-eight tc eighty pole mctors

(256-9CRE.) . The larcg number of poles required i -or the

f sd reduction caused the motors to be extremely !arge

and heavy. The advent of the use of synchronous motors

reduced the weight slightly since the motor experienca-l much

fewer slip lossos. A good historical background on the

early stages of electric propulsion is found in the Iook

Pwritten by Commander S.M. Robinson, USN [Ref. 6].

Current applications in the U.S. Navy are shown in

lable I.

TABLE I

U.S. Pavy Electric Drive Ships

Tv2e 4 Shirs SHIP * Motors

AS 2 15,000 1

AS 2 11,520 8

TARC 1 10,000 2*

TAGOS 1 1,600 2**

also has 4-1200 hp thrusters

"" also has 1-550 hp thruster

B ILECTRIC PROPULSICI CONCEPTS

An area of current research in the field of rotating

electric equipment that shows considerable promise with

regard to electric propulsion is the use of acyclic (homo-
polar) superconductive DC de~vices. These devices produca

exceptionally high torque and horsepower in a very small

volume and weight. This is of great value In advanced

20
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hul fcrm propusion. A largq amount o: rsearch.
° 

."a:a to d-_4e-mine ccnfiguraticn, peak casui.lty --? .

maintainpb !ity of the r uird crvo3enic eauimer.t, as well

as the adaptibility of the systems for this cryoernic t.)pa-
ratus must he performed befcre actual implementation of t.-
configuration can occur 4n a specific 4esign. Thus, for

rapid imclementation in a short-term projec- (3-5yrs), ths

-. choices remaining in electric propulsion to be ccnsidere

are dirct-currant (DC) and alternatin g-curren- (AC)
devices. The categcry of AC devices is futh-r subdivi>'

into inductive and synchronous devices. All three devices

have teen used for sarina propulsion and each has ims cwn
* inherent advantages and disadvantages.

1. CC Machinerv

The DC electric drive system has been used exten-
• "" 'sively in the past, primarily in low to medium power ranges

(1100 - 6000 hp/shaft) with extremes of_ 400 hp/shaft and

19,600 hp/shaft noted. This employment of DC drives
--' normally utilizes 1-4 nime movers powering one or more

motors per shaft (duplicating the system if more than one

shaft exists).
Primary advantages of this system include:

1. lase of Control. Control being effected by varying

the generator voltage through field control-a prccess

that lends itself well to remote location(s).

2. Multirle Control Stations. The ease of which the

generator voltage and polarity of the motor cunnections
(either field or exciter) are variad allows multiple

control stations to be designed for flexible ship

ccntrol in tight maneuvering situations.

3. A kto _arina ppr-hqll characteris-

is _qS The propeller-hull characteristics change

21
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dramatica12.v wher the Wzsse2. is towfr.g or -:-.

Th abili Y tc mtch the prima~ aovpr (U: v
M_~me -a Ar +:~ t~a h the z -oj1sc

motc: and still Drovids maximum torque i= a s 0 sc iC

a d. avan t age of th1,.a Systge~n wi--thout exces3s e ng-~ or

*el-ctrical capacity, through a wi ds reng; of rreljc

Primary disadvantages include-

Limte Powe Rang!-. The top-end range of approxi-
mately 10, 000 h p/shaf t li mi ts the -ivessl sze tat can

ut-iize this system.

2. Generator Speed Limitations. The maximum speed

that the generator can be operated, due to prctlems

primarily associated with commutation, is typically

limited to under 1000 RPM. This limits the selection

of 'he prime mcver if one does not utilizp mechanical
redluction glearing to match the characteristic. Fgr

1.3 shows the ncrmal relationship of RPM vs. KW.

3. leight And Size. The w6ight of the DC system

incriases dramatically with power r-ating as shown in.

Figure 1.4 (this figure shows weight In pounds/SHP);

note that total weight becomes almost linear with SHP

at highor SHP values. This precludes high power appli-

cations of ccnventional DC systems above 10,000

hp/shaft (acyclic-homopolar devices are sxcluded from

% this analysis) . Tha physical size of the device also
has this dramatic functional relationship to rating as

shown in Figure 1.5.

From the above discussion of advantages and disal-

vantages, the consideration of DC electric propulsion for

use in a warship design that would require on the c~desr of

40,000 hp and utilize gas turbines in their most efficirt

22
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operating rarge is nct realistic. Therefore, the9 remainder
cf thiJS paper will only consider the AC systems. ThS
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i inherent losses associated with these DC systems th.cugh arp
essentially the scame as those in the AC systems. Figures
1.1 through 1.5 are from "Marine Engineering',, R. L.
Harringtcn, elitor.

2. AC machinerv

The devices included in the conventional AC
machinery area fall into twc categories: induction and
synchroncus. The principal difference between the two
systems is in the mctor application. The induction motor
system provides exceptional torque at low RPM and maximum

sliD (200%). This high torque response at low RPM makes thse
-nducticn motor system preferable in some applications. For
raval applications, this system is not as efficient as the %

synchronous system by a few critical percentage points. Th"

24
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ind~cic moori~s ossses thiat are a functior of the? si 1
incurrea twhm~n rot- or ard the sta-:or fIIAld. .i

is rlated t-o the RPMA and load. The remaining losE s c
i-ducticn motor are tlie same as the synchronoas _oo: r

gener-al. Another critical differeance, betwssn :etwo

systems is the power factor difference. In the induction

mor-or, the rotor current is induced from th-e statcr f4ield.
Thi 4S inaUC2 1 :: A t hat is cr eat ed as a r~--

current is the mechanism from which the mechani;cal rot4a-tion
is jeriVed. Since this currsnt is induced frcm -,he sao

(supplied current), it causes the currenTt load sesn by the

supplying dsvice to "lag" the supplying voltage ard therc?-

fore cause the power factor (a measure of the amourt of lag

o= lead) t-o be less than unity. A power factor of unity

indicates that the 'load current and -the load voltage are in

phase and maximum real energy transfe: is occurring. Ths

in-duction motor is ncrmally operated with a lagin~r powel

factor of approximately 80% (Ref. 61 and an overall =ffi-

ciency of approximately 90%. In the synchronous system~, th4e

powe fato:is or~llyuniy an-s controllable by the

external motor rotor excitation which results in the synch-

ronous system's power factor being adjustable and a unity

*power factor being easily obtained. ',ote her- also that the

p.power facto: in thi s syste-m can be made to actually "lead"

* an d thereby correct a system "lag" to other loads that might

*exist in the fully integrated system. The advantages of AC
LOCI systems in general are:

1. Hgh IfiID1 Losses in the synchronous system

are approximately 6% (including excitation losses) as

compared to the induction motor system losses thaA

0 range from approximately 8 to 1017.

2. Plezibility of Intallation. The direct drivs

motor can b- installed in the vessol to minimize shaft

25



length to the prcp!-1e r (since ph ysically sM-a!!: I h::

DC motors) and ths qsrnsrator can be instal!s. ;-

reduction gearing and operated directly coup'_"i -c zh-"

prims irover.

3. Dual Use of r.ropulsion Power. The AC sys-:cm allows

for the power from propulsion units to be used for
other functions when nct required for propulsion: this

leads to the creation of a fully-integrated system.

A vailable in large Power Ratinas. The conventional

AC systems can be built in any power rating requirei!

with a reasonable upper limit of approximately 60,000

hp. The larger system's size is being reduced by

raising the system voltage (which is not limited by the

commutation requirements of DC sys-ems). The system

voltages typically in use are from 2,300 to about 7,500

volts. These voltages are easily transformed for other

uses in addition to propulsion.

The selection of the main propulsion system there-

fore is not simple. The design environment must be specified

ard the prime mover is selected. Once these parameters are

defined, the appropriate selection of transmission, control,

and propulsor can be chosen. For the purpose of the propul-

sion cf a vessel of approximately 8,000-ton displacement and

the mission of a ncrmal warship of the destroyer/cruiser

variety using the marine gas turbine as the prime mover and

life-cycle costs the design criteria, the selection of the

AC synchronous drive (possibly fully integrated) appears as

a very appropriate choice. Some of the design ccnfigura-

tions possible within this choice, and the associated

e performance of each, are shown in Figure 1.6 as presented in

[Ref. 71. Additional possible configurations are shown in

Figures 1.7 and 1.8 . The end result of the implementation

o: these technologies would result in substantial savings

62
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ever tha current production confiqura,:ior thz .t 11+41-

gas4irc'ine; ma n Pro Du si n Ct Yn yC~ an I Cl
a ccmpa::son -:3 z 1,o w i ig ur 1 . 9 also f rom th NAVSA

teport [Ief. 7]

Additional propulsion plant arrangements are qiven

in (Ref. 5] and the total number possible is orly linited

truly by the designer's imagination and croativity within

th, -cnfinsz c- the huilform.

3. Mo~or/Generatcr Lossps

The =oncept of losses w it hin the motor and the

generator are comparative in magnitude and virtually iden--

tical in nature. The losses will, therefore, be discussed as

grcup which is applicable to both th moo n tegnr

ator. The approach of an energy balance is useful herq to

introduce t'hese losses:

lEnergy into devicet lEnergy into devicet

I on the +~ on the 1

mechanical side 1 electrical side

iIncrease of I I Increase of I I Heat I

stored kinetic/ I Istorel energy I I gen erate dl
potential mech. + Iin the elec.&mag.I + I within

Ienergy in device I fields of device I IdeviceI

The net quantity on the right-hand side of the equa-

tion is small and positive; the majority of the energy into

the device is transmitted through the device as an output.

As an example, when considering the motor, the energy into

the device on the mechanical side is negative Jnr sign arl

approximately equal to the electri-c energy into the devIcs

which is positive in sign. This amount must b- balanced by

* the quantity on the right side of the equation.
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The terms on the right sti A a al usul aly mall and . av 

zero. The first term represents rh_ energy associatd i-

S=? . -. , ts from the inertia of th ,

In the steady state it is zero. The second term woull r sult

from a change in current to the device and the aIctric

field that existed would be a source of sner-gy (the- induc-

tion effect) . The thir"d term 4s the main point of interesz
here. I is comprised of ths following:

* lechanica! friction losses

* Air friction lcsses (windage)

* Hysteresis and eddy-current losses

* Resistance losses in the armature, and
* Exciter losses (in the case of synchronous machires).

The cbject for the electrical engineer is to minimize these

losses tc t.e greatest extent possible. Since it is impos-

sible to eliminate all these losses, the problem that

remains is the remcval of the resulting heat within the

device [Ref. 8]. The size and weight of the device is

largely dependent on the ability to remove this heat, since

"" the capacity of the device is limited by the insulation use

in the dervice. The method of heat removal is not limited to

a single mode, but is a combination of many modes of heat

transfer including:

* Conduction: stator to casing

rotor to stator (through air gap)

rotor to shaft

shaft to casing

shaft to external device (coupling,

reduction gear, etc.)

* Convection (both forced and natural):

casing to ambient

stator to internal air (or gas)

rotor to internal air (or gas)

shaft surface to internal air (or gas)
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s aft surfa-e to ext=rr-a a

"" Radiation: xternal surfaces to sinks

trna I surfJ-a's to casi fl

These modes are not all very controllable. large

amounts of research have been devoted to minimizing these

thermal resistances. Efforts to improve convscticn heat
transfer have found that the restrictions on the rotor-

stator air gap have prevented exploitation of this mcde as

discussed as early as in 1926 by G.E. Luke [Ref. 9] and as

late as in 1979 by O.N. Kostikiv, et al. (Ref. 10]. The
imprcvement of the conduction heat transfer has been

improved by minimiz.ng the thermal resistance of the insu-

lating compounds and the materials used in the construction
cf the device, including installing thermally-conductive

atrials in the coil ends.

The improvement of convection heat transfer is still
being examined by using liquids and gases to cool the rotor

and the stator of these devices. This procedure involves

piping a liquid through the stator to remove heat by forced

convection, and utilizing a material with high thermal

conductivity directly adjacent to the piping to conduct it

to the piping where it is removed by the passing liquid.
This method is equally applicable to the rotor, providpd thp

problem cf the rotating seals can be overcome in order toU channel the liquid from an external sink to the moving rotor

and back out. The advantage of doing this over standard
cooling schemes is that the capacity of a device may be

increased due to the lower internal temperatures that could
"- q6 be maintained (or the physical size and weight of the device

.- could be reduced fcr an existing capacity) as shown in
Figure 1.10 for a 40,000 hp, 180 RPM synchronous motor. The

:A,4 use of a liquid in a bouyancy driven closed-loop, called a

- -L thermosyphon, is also possible. The amount of heat transfer

33
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in this .ethcd is deend-t c: sh seci -fic hat ca ui:

'he iq:a-qd being used, the temperature rise allows,, znz

the h,.at-transfer arsas then required may b,3 p-c h bi-iv-1v

large.
The two-phase cooling method within a closed looo,

i" the fcrm of a heat pipe, has also been extens" v._y invzs-
tigated. This method has an advantage over the conventicna!,
!i~ud-ccoling method in that it eliminates the necessity

for rctating seals. These seals can be weak points in the

design from a reliability stand point, sspecially if high

RPMs are involvel. The heat-pipe method typically involves a

confined fluid acting as a two-phase medium for heat
transfer, explciting the phase change as a vehicle for

substantial heat transfer in order to remove heat from the

rotor or the stator or both. This method then transfers the

heat either to the amtient air or to some other gas, liquid

cr solid ' h-at exchanger. The configuration most suitable
for use within a motcr/generator on the order of 40,000 hp
would be either to ambient air or to a fresh water heat

exchanoer external to the motor in the case of stator

cooling, or to internal forced air through extended surfaces

in the case of rotor cooling.

C. PROBIEN DEFIVITICI

The purpose of this thesis is to analyze various methcds

of cooling motors and generators of warship propulsion

plants and to discuss the economic and reliability perspec-

tives associated with each system. The next two chapters
will discuss the theory and application of these two

methods: liquid cooling of the rotor, both forced conviction

and the thermosyphon, and two-phase cooling of the rotor.
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A test apparatas f or evaluation enf v7iou-- r ' in

coo_' ing schemes has been Iesigned and is currenti ,::

constructicr at the David W. Taylor Naval Ship ResEa:ct- -,5
revelopment Center, Annapolis, Maryland. It is sketch-E. in
Figure 1.11 and will be used for the analysis within this

study. The results/recommendations herein may thereby bq

experimentally evalnated.

For the purpose of this arbitrary configuraticn, tho

model for analysis is as follows:

1) The device will be a water-cooled frame,

synchronous AC generator, 25,118 kVA & 3,600 RPM.

2) A specific conduction bar shall be analyzed for a

typical load for all cooling configurations. It has a

length of 0.9144m and is 0.0116m squarewith

a 4.763mm diameter hole bored through the length

(herein referred to as the tube length and tube

diampter). The losses per bar in this configuration

are approximately 50W.
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Single-phase cooling has been extensively inv's+igated

with regard to rotating references. Work was st i.al-te .

early by the printing industry, with the n.ad to Cco

printing roll mills. The work was further encouraa by thz

gas turbine industry with the need to cool hiqh-temperature

turbine blades, which rotate at high RPM, and by the elec-

trical machine industry, where the need to cool large,

powerful generators became a necessity. Research in the
a study of flow and beat transfer in a rotating reference

system is applicable to forced-convection flow, buoyant flow

in thermcsyphons, and the single-phase flows of closed two-

phase devices.

A theoretical analysis of flow in a heated, horizcntal

tube without rotation by Morton [Ref. 11] was completsl in

1957. Although his analysis was limited to non-rotating

flows, it gave considerable insight into buoyancy-inducel

secondary flows. His analysis was limited to laminar

convection in horizcntal, uniformly-heated tubes at low

Rayleigh numbers (basad on the temperature gradient along

the pipe wall). The work was an extension of the study by

Nusselt who ignored the gravitational (accelerational)

effects and, therefore, was independent of orientation.

This study was a numerical solution to the governing equa-

tions assuming small rates of heating and a notable varia-
tion of density along the pipe length giving rise to

secondary flows. A similar study was completed by Kays

[Ref. 12] in 1955. Morton studied this secondary flow

driven by the buoyancy effects and the resultant temperature

distribution by successive approximation in a power series

(this is similar to the flow in a pipe rotating about a
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-neroendicular axis) Seccr-ord~r terms were reu:--

account for the seccndary flow. The basic -qua~ions an*

ds -. s. _1 c m-. ..t.-pr s nt d n A n

for many later studies. This davelopment is adaDt C t th

rotating case by the substitution of centripetal accelra-

tion for the gravitational acceleration term.

The configuration of the cooling loop has three distinct

regions which must br- considered: the radial sections of

tubing (oriented along the line of the centriDeta! accelra-

tion), the entrance regions of the axial sections, and the

axial sections through the conductor bars (oriented parallel
to the axis of rotation). Additionally, it mu.st be deter-

" mined whether the flow is laminar or turbulent. The devel-

opment will be reviewed chrcnologically within each topic

with sample calculaticns made for pertinent correlations in

Appendices E and C as noted.

A. HISTORICAL DEVELOPMENT OF ONCE-THROUGH COOLING

In the 1968 publicat ion, "Recent Advances ;n Heat

Transfer" (Ref. 13], Kreith made a survey of virtually all

the work to that date that had transpired in the field of

convection heat transfer in rotating systems. His section

cn concentric cylinders and rctating tubes summarized the

works mentioned herein, although principally evaluating the

reports using gases as the fluid media. He presents the

concept of utilizing a thermosyphon for the cooling of

rotors, the theory cf which is intimately related to the

previous work with sing'le-phase heat transfer, which will be

discuss:.d later. Kreith also describes the three different
* sections (radial, entrance, axial) of the device which this

study is addressing. These have been analyzed individually

both expermentally and theoretically. The inlet region has

the Swirl effect due to the Coriolis force, which is a

39
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func-ion of the iosshy numb sr, or ths swirl nut-_ (t::

reciprocal of the Rossby nuaber); th radial and axia" :ubs
_cCns - wvi; ... a s "i47; c -cntrifui--1 accc7. z4-

term is present, noticeable hydrostatic effects a.d, ad!i-

tionally, buoyant effects when a density differenta

exis Ss.

1. Fidia2 Sections

Extending his research to a vertical tube rota-ina

about a perpendicular axis, Morris (Ref. 14] confirmed that

the approximate solutions must include second-order terms by

studying low heating rates and using a method similar to

Morton, but including tangential terms as well as radial

acceleration terms. He identified the three components of

convection:

1) Forced convection due to the externally-generatsd

pressure gradient,

2) Gravitational buoyancy in the axial direction, and

3) Rotational buoyancy due to centrifugal and Coriolis

forces.

The relative magnitude of the terms due to item 3) is char-

acterized by the Rossby number. This is a ratio of tho

inertia force to the Coriolis force. Although the Rossby

number exists in the velocity and temperature fields for

solutions through the second order, it has no effect on the

solutions for heat transfer or flow resistance. Since at

the nominal rotation rates and eccentricity that exist in

rotating electric machinery, the centrifugal acceleration is

much much greater than the gravitational acceleration, the

former will dominate.

In their 1968 report on heat transfer in rctating,

radial, circular pipes in the laminar region, Mori and

Nakayama [Ref. 15] continued their research by evaluating

steady, fully-developed flow with analytical techniques.

40
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i . - = hou- 7iv-lav-.r concept, tliy. .. corrlate d ,.

rSs'lts wi'h experimental work by Trf-h~n. They q=V-

co-rrelaticns for the (Nu/Nu 0 ) :a-i as a fincti-n o: -

angular velocity, Reynolds, Pranltl, and rotational Fayn!d-1

9. numbers for fluids with Prandtl numbers above ard below

unity (i.e., gases, liquids, glycerol, and liquid metals).

Their s-udy confirms the stabilizing effect of th sqconlary
flow cn the critical Beynolds number and notes that laminar

solutions are st.ill valid when the Reynolds number
considerably large (12,600 a s2 =500 rad/s).

As a second report on the subject of rotating radial

pipes, Mori, ot al. [Ref. 16] evaluated secondary flow

effects due to the Coriolis force by assuming a boundary

layer alcng the wall. With experimental results and corre-

lations from previous work, they were able to show that ths

effect of sezondary flow is less in the turbulent region

than in the laminar region, although still on the order of a

101 increase over tl e value without secondary flow. The

correlations they presented agree with their previous rspcrt

[Ref. 151 and with experimental results with air; they are

presented as a ratio of Nusselt numbers based on an exponen-

tial functicn of the Reynolds and Prandtl numbers and are

given for a wide range of Prandtl numbers including gases

and liquids.

Ito and Nanbu [Ref. 17] experimentally measured
friction factors for flow in rotating, straight pipes of

circular cross-secticn, and compared their results to those

of Trefethen and Mori & Nakayama. Their empirical correla-

tions for friction factor ratios for two ranges of Kt (where

Kt = J 2 /Re and J= d2/ v ) are shown in equations (2.1)

and (2.2) for the turbulent region, Kt ? Ktcr. These are as

follows:

J'6

'Pp

..........................................................................



( 0.942 KtO.282 , 15 Kt 5500, (2.1)

- .0.942 KtO.O 0, Kt>500. (2.2)

Below a Kt of 1, tle fricticn factor practi~ !ly ccincides
with the stationary friction factor given by Blasius:

f = 0.316 Re-O. 2 s. (2.3)
t

Fo= laminar flow, which cccurs when Kt is bplow Ktcr, the

follcwina ccrrelation applies:

f/fo = 0.0883 K10. 2(1 + 11.2 K1-0.325), (2.4)
1

where K11 = J*Re. Equation (2.4) is valid for

2.2*102< K! <107 and (J/e)<0.5. The friction factor

withcut rotation is given by:

f 64/Pe (2.5)

01

Transiticn occurs at:

Ktcr = 1.07 J1.23*103 (2.6)

or

Re =1.07 O. 23*103 (2.7)
cr

for the range 28< J <2*103. Calculation of the pressure

drop would be required in the detailed calculations for

design of a cooling system, especially of the c!r-

rotating-loop system.
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2. Axial Sections

Kuo, et al. [Ref. 181 analyzed ths -

c2'.-.rac-eri cs of~C water flowing through a paria 1 JE-1 i

pipe which was rotating about its own axis and which was

maintained at a constant heat flux. They also summarized

the pre4vous pertinent works that were available at the time

the paper was written. The paper .ll.st.:. t -an-
siticn from ;ravitational to centrifugal force is acccmpa-

.. nied by instabilities as previously discussed by Taylor

[Ref. 19) and (Ref. 20]. The authors calculated a critical

Taylcr number at which the Nusselt number changes its func-

tional dependence on the Reynolds number. The paper also
shows how the heat transfer is accomplished within a layer

around the ;Priphery of the pipe. A correlation for this

film thickness is provided, and experimental results confirm

its validity and illustrate how the increasing depth of ths

film in the rotating pipe, up to completely full, does not

enhance the heat transfer beyond the critical depth value.

The range cf the rotational Reynolds numbers used in the

experimental work was between 4,000 and 20,000; the enhance-

ment (Nu/Nu 0) was approximately up to 240%.

Cliver [Ref. 21] analyzed natural convection in a

horizontal tube with no rotation, following the work of

Colburn [Ref. 22). This study, while pointing out several

problems with the criginal research and basic criticisms

r cted by Martinelli (Ref. 23], combines the work of many

authors to obtain a correlation (equation (2.8)) for the

Nusselt number in terms of the Graetz. Grashof, and Prandt!

numbers and the L/D ratio. The paper also points out that

the Grashof number must be evaluated using the temperature

gradient along the pipe axis instead of the gradient from

the pipe wall to the fluid mean temperatur-.
Nu (Gw/ b0 . 14 1.75 fGzm 5.6*10-4*

U3
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(Gr Pr (L/d) 0.7o} 0,333 , 2

The correlation is supposed to incorporate tho a-f-c-. o:

natural convection along with forced convection by vzcl-or

addition, Iut he nctes that the velocity profile of ths

fluid flcw is critical in the analysis and th-Pa n,ural

convq1cticn in th'. case of hcrizcnta. tubss sht:l s -

pendent of L/D beyond the entry region. For this concect, a

* correlation is also provided fcr the Nussel-: number wihou-

the L/D t4rm:

I4u = 1.75fGz

+ O.0083(GZ Pr M)0. 7 5 )0. 3 3 3 . (2.9)

The study of the Taylor vortices was continued by

- Pattend n (Ref. 24] using a horizontal (axial) tube :ctatinq

about its own axis. Due to problems in the slip-ring appa-
.. -ratus used in the experimental work, the errors in the accu-

rate measurement of ths temperature precluded specific

determination of exponents for the Reynolds number in the

correlation for the heat-transfer-coefficient equaticn.

Qualitative analysis of the enhancement due to tube rotation

was made, noting that the axial-flow effects were small

compared to the rotational effects. Taylor vortices were

neither confirmed, nor denied; the flow was sufficiently

" turbulent to mask the effects that the vortices may have

..- had. Rotation rataos were varied to a maximum of 4,000 RPM.

Mori, et al. [Ref. 25] investigated further into

the effects of buoyancy on forced-convective heat transfer

in horizontally-oriented, heated tubes with laminar flow.

His study extended the work of Graetz and Nusselt, and went
beyond the limitaticn of small heat fluxes such as those

studied by Colburn, McAdams, Martinelli, at al., Jackson, et
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ture differsnce between the wall and the fluid such as woul

cccur with large heat flux. The change in viscosity with

tempera-ure is apprcxima-:ely covered with th. ( b / )o.14w b
term in equation (2.8), buIt the sffect of na-u:7aI convection

has rct been included spacifically. This effec' was shown
(Ref. 11] ar a function of the ReRa product; it is appli-

cable in the :ange of PePa less than 3,030, but within this

range the effact of natural convection does not exceed

several percent. The Payleigh number is a function of the
fourth power of the diameter; therefore, the effect that

natural convection makes in small-diameter channels is
small. This illustrates that in the thin layer near the

wall, the temperature and velccity change abruptly and are
quit? different from that in the inner part of the fluid.

When the RePa product is large, the secondary flow is strong

and the velocity distribution in the axial direction is

utterly different frcm the Poiseuille flow assumed in the

Previous work3. The Nusselt number is then calculated by:

Nu = 2aq/ k(t -t ) (2. 10)
W m

where the stationary Nusselt number for constant heat-flux

case is:

Nu = U8/11. (2. 11)

The experiments were conducted with air and fluids with

higher Prandtl numbers; they were cnly considering heating

in a gravitational field (not an acceleration field due to
rotation). In this case, the layer near the wall becomes

thinner and the Nusselt number increases with the increasing
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a lh, local Nusselt number for the experisr.'l a

-aticn (fr ai:) is given by:

Nu 0.61 (Re.a)O. 2(1+1.8/ (ReRa)0.2) (2. 12)

- This studv was extended into the turbulent reaicn, where thp

highest Foint of the temperature distribution was found to

shift in the directicn of6 gravity slightly. In. this case,
the effect of the sscondary flow was not as significant as

-.- in the case of laminar flow. The Nusselt numbers calculated

within this regime were in good agreement with those of

Colburn [Ref. 22], where:

Nu = 0.0204 ReO* 8 . (2. 13)

Mori and Nakayama used th. theoretical analysis of

their previous research (Ref. 26] and (Ref. 27] on straight

pipes rotating about a parallel axis [Ref. 28]. Analyzing

the body forces drivng the secondary flow caused by density

differences in the centrifugal field and the Coriolis force
with regard to the flcw, they used fundamental principles to

characterize the flow and temperature fields. This was done

assuming an effective secondary flow due to buoyancy and

using the rotational Reynolds number. This would indicate a
rapid divergence frcm the results of Morris [Ref. 14) and
shows that Coriolis effects cannot be ignored. The paper

gave correction factors as a function of Reynolds, rota-
tional Reynolds, and rotational Rayleigh numbers, and

concluded that the Coriolis effects diminish with increasing

eccentricity (higher g-fields) to a negligible value when

the ReRa product is greater than 10,000,000.
In 1968, Nakayama [ef. 29] further analyzed a hori-

zcntal, straight pipe rol+ating about a parallel axis. He

* assumed, as previcusly [Ref. 15], that an e ff ect ivs

416
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secondary fl:)w in fullv-developed condiftion o f .

temperature field-ls rnxisted, and iJncud-d bC !y -: C

explicitly. The correlations 'he obtai-el for both -Th-

of friction factors and the ratio of Nasssit numnbsrs ar:

vali'd ovar a large range of Prandtl n~umbers for bot6h 2.icuids

-and gases, as well as for a w id e rarge of Rsynclis anI

Grashcf numl-ers. Thim correlation for the Nussal1t niambi:- for

liquids in fully-developed flow is:

lu =Re m 8 Pr 0 *' (0.033 (Eel p2.5) 1/30

(1.01LI/(Re/ p2 .S) 1/6)) (2. 14)

where F = R92 2 /13 (GrrPrO.6)-12/13. The r' term is the
ratio of inertia force to body force. Inertia force is

representqd by Re 2 2 / 1 3, and the remaining terms in r'
*represent the body force. The body force is either the

Coicls force in the case of the inlet region, curved

regions, or the radial arms, or the centrifugal force in ths

ca seq o the -axial section. The numerical result of his

corr-elations for thbe model presented in Chapter I is

included in Appsndix B for both turbulent and laminar

li q ui ds.
Sileawa rth, Pt al. (Ref. 30) further evaluated the

effect that bouyancy-induced secondary flow would have on

laminar flow in a heated, horizontal pipe without rotation.

His work showed clearly that secondary flows did exist due

to densIty variations and that the heat transfer was

V ~ enhanced by them as a function of the GrashofJ and Prandtl

numbers. This effect is somewhat negated in the presence of

extreme acceleration as that in the periphery of a rotor,

but remains nonetheless, provided the turbulence is below

the critical Reynolds value.
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With no assumptions as to the structure cf:

and temperature fields to simplify the governing cquati-.s,

of the ronating cylindrical tube (Ref. 31] wit h, laminar,

fully-develcped flow. Data were compared to the thecretical

results for the case of air, water, and glycerol. Th.

corre-lation obtained is in terms of the

Payleigh-Reynolds-Prandt. product. as is givsn by:

Nu = Nu0 (0.262 (RaRePr) O.I ?3 ]. (2.15)

The value for the test model is calculated and presented in

Appendix B.

Stephenson again studied this parallel, rotating-
pipe, heat-transfer problem for fully-developed turbulent

flow. He compared his experimental results and correlation

with the rarlier work of Morris and Woods [Ref. 32] and they

compared favorably within the turbulent entrance region. He

noted that th. rotational buoyancy was not a strong factor

in the secondary-flow in the f ully-developed region.

Because of this, his results, when compared against

Nakayama's results assuming a strong effect [Ref. 29], did

not compare well. His correlation is listed below:

Nu =0.0071 R90-615 J09023 (2.16)

and is compared with previous correlations for the test
model 4n Appendix B.

3. Entrance Realons

In 1969, the Institution of Mechanical Engineers,

Thermodynamics and Fluid Mechanics Group, sponsored a sympo-

sium, on the subject of heat transfer and fluid flow in

electrical machines. Included in the presentations was a
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papezr by Davidscn [ ef. 33], which dzscribed a f l-siz:,

generator-rotor test rig f or evaluating the heat-tnnS

characteristics of hydrogen cooling. His testino showe s
that enhancement in the turbulent flow regimes was not as

high as theoretically predicted. It was hypothesized that

*he reason was the inability of the hydraulic-diameter

concert to accurately account for the flew c-.itions it
non-circular ducts. The tests were. able to give a good

turbulent correlation with theoretical prediction when the

cooling scheme was modified by shortaning the axial path.

This effect, although not explained, could have been due to

the Coriolis swirl effect in the inlet region enhancing the
heat transfer above that to be obtained in the fully-

developed region.

The effects of the entry length, especially with low

Prandtl numbers such as those of gases, are very difficult

to eliminate and the Coriolis effects on the heat transfer

may be noted even at high Reynolds numbers. As the

Peynolds-Rayleigh product increases above about 1,000,000,

there is a tendency for the amount of enhancement to
diminish. This is attributed to the turbulent effects over-

iding the secondary flow enhancement. The affect of rota-
tion on heat transfer is to enhance it in the entrance

regions by the secondary flow due to the Coriolis effects

and in the fully-developed, horizontal-tube regions by buoy-
ancy effects. A siiilar survey of the technology was mad-

by Petukhov and Polyakov in the USSR with much the same
results (Ref. 34]. The heat-transfer problem in the

entrance region of a tube, where the Coriolis terms domi-

nate, is addressed by Morris and Woods (Ref. 32].
Correlations are presented for air and are applicable for

cther gases as well. These correlations, for both the

laminar and the turbulent cases, are presented as functions

of the product of the Reynolds number and the
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n a' Olds num b e Th morr s and Wcois n-

notes that furthar work is required in the case of 1_:"iJ'"

although a similar approach is valid. o-i ard >. kxva

also presented a survey of the state-of-the-art tschnclogy

regarding the heat-transfer characteristics of rotating

pipes and ducts [Ref. 35]. The questions of the entrancs

*.-.effec and its length were emphasized as beino aenr. l!v

unanswered, but they gave a general guideline fcr d,ter-
- mining the extent of the entrance region as aprcximately 20

" times the diameter of the pipe. They also verified correla-
tions cf previous works for helium and water.

4. Comrinat ions cf Radial. Horizonal. and Entrance

Sections

Alsc presented in the 1969 Institution of Mechanical

Engineers Symposium was a study by Lambrecht (Ref. 36],
which discussed the problems associated with water cooling

of rotors. His paper summarized the theoretical considera-

tions, as well as reviewed his previous work and the work of

fellow German researchers (Neidhoeffer and Ingenieure). H's

noted the superior cooling properties of water and the size

and weight reduction, along with the improved efficiency of
water-cooled machines. He listed values for the optimum

cooling duct size based on the heat-transfer and
electrical-loss characteristics for various gases. The

method used for optimum duct calculation was based on the

principle that the pressure drop in the duct decreases with

increasing duct size and electrical losses increase with

decreasing conductor area (increasing duct size.). A suit-

able calculation of this type is necessary in any final

design for cooling of these devices by any method devisea

for either the single- or the two-phase approach.

In 1970, Sakamoto and Fukui measured heat- and

mass-transfer coefficients for air and oil, specifically for
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us cz;: c coI n g r otat.ng elTctr-ic machiras tfRef. 37).

that the most effective and economic me thod to in-s, _
-scwe r olctruI -1: 4 a ~no~~

coolinrg of 4-he insulating material (especially in th= roto-r
conductors and drums) , a geometry similar to a typical rotor

was fabricated and sui'table COOlar~tS wSIre =t t .

convective heat transfer was characterized as a function of

the L/d, Re, 3rr, Pr variables, with the H/d parameter hell
Vs.constant. When the shape factor of eccentricity H/d i

sufficiertly large, the centrifu~gal acceleration may be

assumed to be a unifcrm acceleration ( 2H) acting on the

tube axis, which is similar to the force gravity exerts on a

horizontal tube. with a lcw Reynolds number, the empirical

correlation was in the form:

Nu Nu (1+C(Rar)m (2.17

where the values of the constants were:

C = 0.03 m = 0.75 n = 1/3

and where Nu 1 1.8 6(Re Prd /L) 0-3 3  for large L/d values,

and Nu =2.67 GzO. 3 3  for small L/d values.

This was valid within +10% to -17% for Reynolds numbers

between 162 and 2,700 and rotational Rayleigh numbers to

20,000,000. It was also found that the length of the

entrance region seemed to have no affect or, the correlation,

rk which wuld imply that a secondary flow existed in both

con f igura ti cns. An interesting point in this paper is that

the 'rotational Grashcf number (hence the rotational Rayleigh

nu mb er) was calculated using the temperature difference

between the wall and the fluid instead of the axial tempera-

ture gradient.

loads and Mcrris investigat-ed laminar flow in the

rotor windirgs of directly -cooled, electrical machines in
I IW 1974 [Ref. 38] and noted that if water was used as the
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coolant in lieu of hydrogen (1-hich is curr1nti!v t:-

used), an. efici ncy I.m orOve :.. of >0.5 A could b@ aia.

Given that the 0.51 cf a large, say 1,000 MW, qp:eatc- was

the only consideration made (and neglec-ing the size and

weight r.duc-ion and the extended op+rating life pos4 ble
due to the cooler operation), they proceeded to analyze the

fundamentals of the problem. They surveyed the previous

" . works dir-ct7y applicable to this area of c a -

1) Morris CRef. 14] used a series-expansion technique

(valid fcr low rotation rate and low heating rates), and

2) Mori and Nakayama [Ref. 28] assumed a secondary flow
(which was claimed to be valid for high rotation rates), and

S. used an integral-type analysis.

Woods and Morris claimed both were inadequate due to the

restrictions imposed by the nature of their solutions. They

attempted a versatile and "exact" solution for laminar flow
in the fully-devslop.d region by solving the governing equa-

tions wi+h a numerical procedure Numerical solutions were

presented for both the friction factors and 'the Nusselt

numbers. Their analytical values wer . compared with experi-

mental results and to correlations of previous works.

Ciscrepancies were explained and the difficulty in obtaining

fully-develcped conditions in the experiments of their work

and previous works was emphasized. The axial density-
variaticn effects were noted, also, as a potential for error
in their analysis at high values of rotational Rayleigh

rumbers.

lakayama and Fuz icka evaluated the generator

problem, thera reasonably large radii of rotors (approxi-
mately 1 m) and high RPN (3600) create high centrifugal

acceleration affects [Ref. 39]. This acceleration causes

the centrifugal buoyancy term to be significant. It also
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~m pha sizz t e C ro 11 s 6' -m ir tha raiial -ue s~- ''

cu=vsd inlet r gi ns. They prisnte co rrelation s zi. ~~ i~J. ff Mrc~o f rs S a r h Izio N uS S -1,1 -_s

a-r ving at f-iction- fc-: ra-i S for each -)f the th-e

r-gions (radial, curved inlet, and axial) , an! ccmpare_ the

results to experimental lata. Their correlations are listed
hao wD W

f 2.2 R0- 3 3  (radial) (2. 18)

f/fo = 1.5 Ro-O. 3  Icoil end) (2. 19)

f/fo = 14.0 Ro-0.e (axial) (2.20)

Nu = ReO. 8 Pro.(0.O014(Re/Ro2.S) 0.12 4 (radial) (2.21)

*---Their r-port confirms the results of Nakayama's correlation

(equation (2.14)) for the axial sections.

The application of the technology of rotating

Jcooling schemes is nct limited to the printing industry and

electric machine area; extensive research has been devoted

to this field of study by the gas turbine industry. The

Advisory Group for Aerospace Research and Development

(AGARr) held a meeting in September, 1977, at Ankara,

T urkey, to discuss High Temperature Problems in Gas Turbine

Ergines. umerous papers were presented on the subject

including a paper by W.D. Morris on flow and heat transfer

in rotating coolant channels Clef. 40]. He used a selection
of experimental results to illustrate the influence of
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rotation on heat transfsr, and demonstrated that Corio~i

and centrip el- inertial effects sIgnicanatly altar
1 1heat-transfer characteristics compared -o the s-ticnr'

case. Using the governing equations, he ilust:a ed th he

Navier-Stokes equations are modified to include the acce!er-

ation effects of the Coriolis forces and the centripetal

forces. For constant properties, these equations th9n show

how at distances f nly downs.rL-. fr t -r

region, where the axial gradients of the velocity are negli-
* * gible, the eliminaticn of the pressure-gradient terms from

the radial and tangential momentum equations causes the

Coriclis terms to vanish identically as a source for the

creation of secondary cross-stream flow; see also (Ref. 14].
In the entry region, the Coriolis tirms interact

with the developing axial velocity and create secondary

flows perpendicular to the axial direction, even with the

constant property ccndition. Finally, in the fully-

developed region, the effect of the rotation manifests

itself only as a cross-stream pressure distribution if buoy-

ancy terms ars neglected. If the density is allowed to vary

with temperature, the centripetal acceleration terms need

only be included as the Coriolis terms do not affect this
action. This cross-stream, buoyancy-induced flow gives rise

to greatly-enhanced teat transfer and an attendant increase

in flow resistance. The effects of the eccentricity, with

regard to the Coriolis terms, has little effect, provided

that the ratio of the radius (H) to the diameter of the tube

(d) is greater than 5 (only very small radius of rotation

will have any noticeable effects).

Marto [Ref. 41] lists the papers presented at the-
14th Symposium of the International Centre for Heat and Mass

Transfer (ICHMT) held in Dubrovnik, Yugoslavia, in 1982.

Papers of particular interest to this study included a paper

by Jchnscn and Morris [Ref. 42], wherein the concept of
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c-nripe4tal-acce!eration-nduc-d s condary flow was 3:7 C, n

to be cf littl importance, and its influenca was s:"n 'T

be tctally hyrostatic. The'r work also confirned h s

effect cf Coriolis acceleration with regard tc secordary
flows, especially in ss.ctions with relatively small L/I

ratios. No quantitative recommendations were presented.

5. Flow Transitions

Mori (Ref. 25) states, when considering turbulent

flow, that it is not necessary to consider the influsnce of
buoyancy on heat transfer. The secondary flow was found to

suppress the turbulence level when the turbulence at the

inlet region was high and an empirical formula for the crit-
ical Reynolds number, in terms of th- Reynolds numb.r and

,ayleigh number product, was calculated:

Re = 128(ReRa) o. 25. (2.22)
cr

Contrary to this, when the turbulence at the inlet region

was low, the critical Reynolds number was higher (7,700 vs.

2,000), and heating decreased the critcal value. The net

result was that when the ReRa value was high, the secondary

. flow caused by buoyancy makes the c'ritical value of Reynolds

number tend toward the same value, whether the turbulence in

the inlet is high or low. In the case of low turbulence in

the inlet, the value for the critical Reynolds number was

given by:

Re = Re /(1+0. 14 ReRa*10-S). (2.23)
cr cr0

The graph shown as Figure 62 in the Krieth article (Ref. 13]

is shcwn below as Figure 2.1. This graph shows the heat-

transfer as a functicn of both the RPM and the flow-through

Reynolds number. It is easy to see the flow's transitional
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depsndencp on the Reynolds number as a function of PPM. For

the exper, mz 't= 1 mo'2qJ bei ng a aluatad, where

Far=7,40 C t'he transition is dpla-' d to Pe1,O r-
*corre a,:,or. that assumes high turbulenas at the entrancs.

HEATING

LENTRY LENGTH NOT ROTATING

-0-0060- - - _ _

0.0040-

0.0030

z

N R* X 1o0

6.0 80 -00 15.0 20.0 30. 400 0. 80.0

Figure 2. Efi~ paionaj. Speed

The transiticn to turbulent flow is suppressed by
rotat1-ion and has been qualitatively noted by numerous
authors. An exact correlation for transition to turbulent

flow in a rctating-reference frame with heating is rct known
to exist. From the available literature, it is clear that
the trans.to follows a path fo h aia orlin
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to the turbulent correlations. This path, in ths cas;: of

the rc,6_tatin r:afs:'zsc;r -s shcw: qualit--

aplot of the Nusselt nu mbe r aganst h'L" ~ - v'r
Figure 2.2, whsreas in the non-rotatina casa, Z C if

ccc urs.

R/ e

Re%/

Re where:

Re

-Turbulent -Laminar Region-

Region.-(All Re n  > 2300)

RPM
Re,> Re2 > Re3 > Re4

- Figure 2.2 Transitional Characteristics of
Botating Systems.

6. Summar

Based upon the information reviewed in the litsra-

ture, it may be concluded that the three regions within the

motor/generator application (shown in Figure 1.11) have very
* different hiat-transfer characteristics.

I) In the radial section of the coolant path, the Coriolis

forces tend to dominate the heat transfer and friction.

This effect is to enhance the heat transfer and increase the

pressure drcp in these sections. The heat-transfer enhance-
.- ment is substantial and could be effectively exploited for

. the heat rejection from the device by axial fcrcel-ai:

convecticn of the substantially-hollow, synchronous rotor.
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2) in the coil-e regi'ns ('+h .ttp, r9aia2. -~n

Point- and t-he coil-end loops) the Co-cls frc- :S.r*:

Nresult is anh an cead hea t-t ransf er a nd fr ctC n - fac tocr

effects, but to a lesser degree than in the radi4?al S-ctions.

j -.

3) In the winding bars, the centripetal forces donir.ate

these forces result in hydrostatic effects which limit flows

that would be affected by the Coriolis forces and result in

some degree of secondary flow due to buoyancy. Thm amount

cf secondary flow is qusstionable and is somewhat affected
by the degree of turbulence and the amount enhancement is

less specific.

The enhancement in the laminar-flow heat transfer

has been reported by numerous authors. This can be seen in

Figure 2.3. Both the Nakayama (Ref. 29] and the

Woods-Morris [Ref. 31] correlations for Nusselt number fall

between the classical laminar value of 48/11 and the turbu-

lent value cf the Dittus-Boelter correlation. They have the
same trend throughout the range of RPM shown and differ by

only a few percentage points. Apparently, the effect of

rotation in laminar flow enhances the heat transfer because

- of intense secondary flows duo to centripetal forces. An

interesting point is that, at the higher RPM values, the

correlations of Nakayama, Woods-Morris, Stephenson, and
Dittus-Bcetler all are exceptionally close together.

The heat-transfer predictions for turbulent, fully-

developed, parallel flows are shown in Figure 2.4. This

figure illus+rates that the resultant heat transfer is some-

where in the vicinity of the classical turbulent correlation
of Dittus-Bcelter for the current model.

°- -
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The hea' transfer is eithsr somewhat enhanced (on -he cr'=e' -

ct 301) in the lower RPM ranges (Nakayama ( Ref. 29 ,

somewhat suppressed by the high centripetal a c c s- .7tC.n

forces as slown by the correlation of Strephenson (Ref. 43].

.he enhancement of the heat transfer in the Nakayama

correlation (Ref. 29] in the lower RPM range is assumed to

be lue to the residual Coriolis effects from the entrance

regions remaining longer in the lowqr centrel 1ccs.=ra-

tion fisld.

B. HISTORICUL DEVELOPNENT OF THERHOSYPHON COOLING

The thermosyphon is a device that creates the motion of

the working fluid solely by buoyancy forces. Tt has a

region whers heat is suppli.d to the working fluid and a

region where heat is rejected. The less buoyant, cooler

porticn cf the fluid moves in the direction of the accelera-

tion vector, while the opposite is occurring for the warmer

portion. The thermcsyphon also has a third region, the

coupling region, with problems of fluid shear, mixing ani
entrainment. Figure 2.5 illustrates the conceptual arrange-

ments of the three basic thermosyphon systems.

Kreith (Ref. 13] mentioned in his review that the ther-

mosyphon (i.e., a liquid-filled container) had a great

potential for cooling of electric rotating machinery. In

motors and generators, the use of a thermosyphon would

preclud? the necessity of using rotating seals, which have

marginal reliability in applications of high RPM and volu-

metric flow. In 1973, Japikse [Ref. 44] gave a thorough

review of the literature regarding thermosyphon technology.

Beginning with a reference to the Davies and Morrs paper

(Ref. 15, which will be discussed in detail later, Jaoikse
categorizes thermosyrhons as follows:
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*"" 1) the naturse of boundariss (either opened or c_, :- -

mass flow)

2) -he regime of heat t-nsf=r (pure!y t:-a

tion cr mixsd natural and forced convection),

3) the number and types of phases present, -nd

4) the nature of the body force present (gravitational

,° or rotational)
.°.. These broad categcries are then :estriced to "....a

prescribed circulating fluid system driven by thermal buoy-

ancy forces."

The use of the closed thirmosyphon in rotating refer-

ences, such as in gas turbine cooling, has been studied in

detail. In 1965, Bayley and Lock (Ref. 46] experimentally

investigated the performance of closed thermosyphons. They

utilized the theoretical development of th'e open thermosy-

phon, modified the theory, and experimentally verified their

results. it was shown that the critical operating parame-

ters include:

1) Length-to-Diameter Hatio. This ratio controls the

characteristics of the flow and determines the extent of the

coupling region.

2) Heated-Longth-to-Cooled-Length Ratio. As this ratio

tends toward zero, the analysis is identical to the open
thermcsyphon correlations. This restricts the use of the

analysis for the clcsed thermosyphon to Lh/Lc ratio to be

not much greater than one.

3) Coupling Regicn. This is the region that compli-

cates the analysis and causes the Prandtl number to affect

the heat transfer. It exists in three distinct modes;

conduction, convecticn, and mixing. These are regarded as
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4idals and -ctual coupling usually consists of a combintior

of all three.

Thermosvphon technology was also applied to tr ., _--

cooling, nuclear-reactor cooling, heat-exchange: fins, ome

and in dust rial furnaces, cryogenic cool-down apparatus,

steam tubes for bakers' ovens, internal combustion engine

cooling, and envircnmental control in the space vehicl i

rogzam, as weU as many others m.ntio:Ied i the Jap-kz_

arti cle.
In 1971, Bayley and Martin (Ref. 47] also reviewed the

state-cf-the-art technology, with particular emphasis on

% gas-turbine applications. Thoy studied both the open and

closed thermosyphon systems. The use of an open thermosy-

phon system in a rotating reference, such as in gas turbine

cooling, as well as in the cooling of electric, rotating-

machinpry area, has problems regarding the fluid selection

and its saturation temperature and pressure. In thp open,

rotating reference system, the region that receives the heat
is under high acceleration forces with high resultant pres-

sures. As the natural flow due to buoyancy occurs, the

heated fluid moves frcm a high pressure to a relatively low

. pressure area where a phase change to vapor may occur,

possibly even explosively, blocking the flow. They intro-

duced the idea of using two-phase cooling within the closed

thermosyphon as a way of exploiting this phenomenon, by

N using the high heat fluxes associated with the latent heats

of evaporation and condensation and the lower temperature

gradients associated with the phase change processes. This

also has an added benefit of reduced weight over the

single-phase liquid system. They noted that further

research in the area of the Coriolis force effects on the

heat-transfer chacteristics in a rotating referrence needed

to be accomplished.
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Applyinc the technology of the th-.rmosyphon t- _iCt::

machines, Morris and Davies [Ref. 45] adapted the priipi

of the closed tharmcsyphon to a closed rotating 1 c p t

could be placed into the rotor assembly of an electrical

device. This configuration avoids the entry chckina and

mixing that occurs in thl typical- closed thermosyphon and

generally avoids the complex mid-tube exchange process, as

well as the adverse core-boundary layer interaction. The

strong acceleration force present in the ppriphery of the

rotor of electric rotating machinery, coupled with the

heating due to the electrical losses, induces stong loop

circulation. This beat can then be rejected either to the

shaft of the rotor acting as a heat exchanger itself, to the

air passing through the hollow rotor region and the air

passing through the end-bell region of the rotor ends, cr to

both. The shaft, acting as a heat-exchanger itself, can be

cooled with an internal, rotating heat-pipe (or two-phase

thermosyphon) which could transfer .the heat axially to

another heat sink outside of the motor/generator casing. As

an alternative, the shaft could be internally cooled by

fcrced convection of water (or some other fluid) to an

external heat exchanger through the non-coupling end of the
shaft by the use of an axial rotating seal. The reliability

and the casualty-control aspects of the axial rotating seal

make it preferable to the radial rotating seal mentioned

earlier.

Theoretical analysis of the loop-flow has used simple,

one-dimensional force and energy balances, and need nct be

repeated here. The closed loop is shown in Figure 2.6 as

conceptually applied to a rotor. Of course, numerous loops

would be designed into the rotor to carry away the heat

generated. rncorporation of a one-way valve vas suggested

as being necessary to insure one-directional flow created by
A the mean temperature difference and the pressure differences
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Figure 2.6 Rotating Loop Theraosyphon for a Rotor.

in the limbs of the circuit. Experimental testing was

conducted in a test rig similar to the rig proposed for the

evaluation of the systems studied hercein and flow under

construction at DTNSBDC. A modest range of rotation rates

was employed in the !Mcrris and Davies test rig, typical of

most uctcr applicaticns. The details of t-heir test section
ikv were very similar te the model used for analysis herein:

25.4 mm (ons inch) diameter copper rod. through which a 6.35

mm (0.25 inch) hole was bored. The experi4mntal results

were placed in the form:
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.... N' = ":(Gz.,Po, Pr,Ac).t ,

The ratio o, angular acceleration to gravira.ional accel:ra-

tion (&c) was the authors' way of incluling the rotational

effects (previous authors have used the rotational Grashof

number). The final correlation was:

Nu = 0.1505 AcO. 7 3 5 Re2 _4 S Pr/Gr (2.25)

for the range of 103< NuG:/Pr <106.

The critical ccnsid.ration in the analysis of the

closed-lcop thermosyphon is the temperaturs rise in th,

heated limb (conductor bar) . The model described in Chapter
I was analyzed by using the governing relationships from the

Davies and Morris [Ref. 45] paper iterated against the Woods

and Mcr_-"s [Ref. 31] correlation for laminar, fully-

develcped flow in a heated circular tube rotating about a

parallel axis. It can be seen from Figure 2.7 that the heat

transfer increases with RPM (the higher acceleration

TABLE II
Temperature Rise in the Closed-Loop Thermosyphon

RP.M _g_ Temp. Rise(_)_

300 209.0

Z-i 1000 93.5

3000 41.0
3600 35.5

5000 27.0

- for a cold-side temperature of 45 C.

effect). For the conditions on the model which constructed

Figure 2.7, the values of temperature rise is shown in Table
II for various RPN's. This clearly shows that this m.thod

6.-7
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of cooling, _4-f se ...ctei, Would bz inappropria'a fa- -

motor device (i.e., lc ?P!) , on tha other han, ..i..

te vsry zaasonabli. for -n le :aer o T i i :- ta C

. was assumed to be 64/Re and no correction was mads for th-

rotation in the friction-factor calculation; the minor

losses were neglected. If the friction factor is :ncreased

due .c t!-e ctation, as in equation (2.4), and minor losses

(laminar) are included, the temperature -isZ wil be

increased slightly. The trend will be the same a nd the

temperature rise at the higher RPM's will still be accep-

table. The actual design of the closed-loop thermosyphon

will require an optimization of the heat-transfer calcula-

tions and the fricticn-factor calculations. This optimiza-

tion may indicatq that a larger, single, closed-thermosyphon

loop for a conductor bar group is preferable over individual

conductor loops.

C_ IDIANTAGES/DISADVANTAGES OF LIQUID COOLING

The mair objectives of cooling are to remove the heat

created by the electrical iosses and improve the operating

efficiency, extend the lifetime of the insulation, and

reduce the overall weight and size of the device. The

feature cf liquid cooling (vs. gas cooling) is the superior

capacity of liquids, especially water, to remove heat with a

small rise in temperaturp.. The principle disadvantage of

using liquids, or gaseous fluids other than air, is the

design of the piping, coupling, and secondary heat exchanger

required to support the device cooled by the fluid. Since

one of the main objectives is to reduce weight and size, the

fluid chosen must be able to remove enough heat per unit

mass to accomplish this goal within the device.

Additionally, since the application under evaluation is

marine combatants, the fluid should be non-toxic, and th-
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system should be durable enough to withstand damc -.g an!

maintain oprraticnal safely. The popular fluid to date ir

!anl-hased installaticns has been hydrogen which is c1'arv

an unacceptable choice for the marine combatant due to its

explosive nature and since the size reduction cbtained is

not sufficient to warrant system development. Of the

remaining fluids, the obvious choice for its high h.eat

capacity, availability, and safety, is water. The us= of

water has been tested both in stators and, on a limited

scale, in rotors.

The principle problem to overcome in the use of water is

in the rotary seals needed to direct the fluid into/cut of

the machine. Additionally, when the system inside the

device is analyzed, the ability of a design to withstand

damage is questionable. The design would be critically

dependent on the fluid within the rotor for operation, even

in a casualty mode. The supply of cooling water to a stator

would not be as critical, since any casualty could be

r-paired easily with shipboard damage-control equipment, and
emergency cooling of a s'tator could be accomplished by

external means due to the thermal conductivity of the stator

housing. For the rotor, this leaves a choice; either not

utilize the enhanced cooling and suffer the weight and size

penalties, or develop a clo-ed system for cooling the rotor.
The closed system for the rotor is not necessarily isolated.

A closed-locp, thermcsyphon could be placed in the rotor,

transferring the heat from the rotor to the rotor shaft.

This loop could have additional heat transfer to air passing

through the core of the rotor. Further, the heat trans-

ferred to the shaft could be removed to the ambient air or
an external heat exchanger utilizing the non-coupling end of

the motor by the use of circulating water through the shaft,

or by a rotating heat pipe as seen in (Ref. 48].
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An addi 4ional method fcr cooling the rotor, wh-.ich ha

beer, studied by numercus authors, is the use of h--:a ci .:e .

or closed, tvo-phs thlrmosyphons. I this ca , - ' Ft'

is transferred from the rotor to air circulated through thc

end-bell areas of the device. This method of rotor cooling

Sgreatly enhances tle survivability of the device in a

damage-ccntrol sense. Each heat pipe is independent of the

others and damage to a few, unless all in th. sams group of

adjacent conductor bars, would not jepardize the davice;

indeed, even if all were in the same group, limited opera-

tion could continue.
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III. TWO-PRASE FLUID COOLING

The concept of utilizing the latent heat of vapcrization

to transfer heat is widely used in heat exchangers every-

where, frcm houszhcld and industrial boilers and space

heaters to marine prcpulsion units. Air-conditioning squip-
Z vo ment and beat-pump units also employ this idea to advanta-

geously utilize the low temperatura of vaporization of

fluorc-carbcn compounds to remove the heat from the ambient

and release this thrcugh condensation under pressure, thus

transferring the heat in the desired direction at the cost

of the energy to pump and pressurize the gas to the point of

condensation. In each of thesp two-phase applications, the
transport of the working fluid may require a pump, or it may
be accomplished by the buoyant forca that exists in an

acceleration field, such as that due to gravity. This is

the principle that is employed in the closed two-phase ther-

mosyphon. This device is similar. to the classical "heat
pipe" and the only difference is that the "pumping" method

in the heat pipe uses capillary action instead of accelera-

tion forces to pump the fluid. Thus, a "heat pipe" used in

a rotating reference utilizing the acceleration forces to

transport the liquid from the condenser section to the

evaporator section (in lieu of a wick) is, technically, a

two-phase thermosyphcn. Figure 3.1 illustrates the opera-

tion of the closed two-phase thermosyphon. The evaporator

end must be in the direction of the acceleration field for

the liquid to be transported from the condenser. Figure 3.2

illustrates the operation of the heat pipe, which utilizes

the capillary action of the wicking material to transport
the liquid from the condenser to the evaporator. The

remainder of the chapter shall use these definitions for a

discussion cf both devices.
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*Acceleration Fil

Qi n 
Qout

Figure 3.1 Typical Two-Phase Theruosyphon.

Acceleration Field Not Required

Vapor FlowWikn

Q in material

Flow

Figure 3.2 Typical Heat Pi pe.

A. HISTORICAL DEVELOPHEIT

The development cf the heat pipe (which will apply
equally to the develcpment required for the two-phase ther-

-m osyphon) was begun by Gaugler (Ref. 49] in 19414 and by
Trefethen (Ref. 50] in 1962. Trefethen was working on
cooling methods for spacecraft (zero-g environment) for
General Electric Ccmpany and discovered that capillary
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.umping can be a very valuable area for further devs!cp~n t.

working independently, Grover, et a!. (Ref. 51] :zi:-.:=::

this co ncen; hi widely published the first cppicl- c'
the devi'z- and give it its name. Kraus, et a!. [Rsf . 52]

have reported this historical development and have given

sample calculations for the design of a heat pipe. Chi

[Ref. 53) also reviews the theoretical development of heat
"ipes, and provides the desig . procedures, 'ncuding : --

calculations, for their utilization.

B. CON!PNTIONL, CLOSED TWO-PHASE THERMOSYPHON ANALYSIS

As previously mentioned, the appealing factors associ-

ated with the two-phase utilization include: high heat

fluxes associated with phase changes, lower temperature

gradien4 s associated with these processes, and reducel

weight of the two-phase system over the single-phase liquid

system.

Research by Cohen and Bayley [Ref. 54] (referred to and

discussed by Japikse [Ref. 44] ) found that the amount of

liquid filling the system functionally affected to the heat

transfer in both rotating and static tests. They found that

heat transfer increased as the percent liquid in the systsm

was increased to approximately 1.5% by volume, then

decreased to an intermediate value, and finally increased to

approximately the same value as in the 1.5% case. This was

related to the following process: in the low filling situ-

ation, condensate returns to the evaporator section and
forms a thin film on the walls. It is in this film that the

heat transfer occurs and the phase change takes place. In

the case of the completely-filled evaporator, a liquid pool

region develops, and a condition of nucleate boiling exists.

If the filling is insufficient, with regard to the heat flux

being transported, the pool/film will not continue to the

.V
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end of the heated sectiJon and "dry-out" will occur. ThIts

'dry-cut" will assume a drop-wise instead of film-4i:S = Pas

change. The geometry of the regions in which the films are

. -likely tc form, influences the results.

Lep and Mital (Ref. 55] conducted experiments with an

electrically-heated, water-cooled thermosyphon using water

and freon as the test fluids and varied the filling quan-

tity, Lh/Lc, pressure (or Tt), and heat flux (L /L is theh c sath c
ratic cf thP length of the heated section to the cooled

section). The result of the filling quantity on heat

transfer was the same as that reported by Cohern and Bayley;

increasing heat transfer with filling to a point and then

decreasing beyond that value to an intermedinte value and

increasing to the case of the completely-filled evaporator.
The effect of decreasing Lh/Lc was to increase the heat

transfer within the range 0.8 to 2.0 and the advantage of

larger condenser area was evident. The heat-transfer coef-

ficient was found to increase significantly with increasing

mean pz=ssure due to at least three factors:

1) since the mass flcw for a given heat flux is nearly

constant and density of the liquid increases with

pressure, a lower pressure drop (and lower AT) is

necessary for the same heat flux:;

2) for a larger Psat s varies much more rapidly withsa sat
T for the fluids considered, hence requiring smallersat
AT's at higher pressures; and

3) for lower pressure drops, a more favorable force balance

exists on the condensate film permitting a faster liquid

return.

Water was found to give heat fluxes superior to those of

freon, for for the same AT, due to the larger values of

latent heat of vaporation, and thermal conductivity.
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Lee and Aital (Ref. 55] also considered the ara!yic2

problem cf prc dicting the maximum heat-transfer rate for a
a 111n r f__ I, constant-w all-t . ~rps.= at u r a _  nd , , r ....

constant-heat-flx evaporator. Neglecting the forces due to

vapor pressure drop and momentum changes, and using a force

balance on the falling film, balancing the effects of

qravity and fluid shear, they relate! he mass flow rate to

the heat flux. Using a local energy balance and an overall

energy talance between the condensing section and the evapo-

zator secticn, the fcllowing relations for the heat trans-

ferred (q) and the saturation temperature (Ts) were
sat

obtained:

q = (p2R3h g/2W L hgcC (3.1)
fg

ard

q = [k(T -T )/ (RLh/Lc)]C/D (3.2)

where C = 1/8 - 1/2 y2 + 3/8 y _ 1/2 y4 in y ,

D = ypin y (1/2 in y2 -1/2) + 1/8 y, +y2(1/2 In y -1/4) =1/8

and y = 1 - 6/R. The simplifying assumptions (forces due

to vapcr shear and momentum changes were neglected in the

force balance) cause an error (of as much as a factor cf 2)

to occur, but qualitative behavior is correct as far as

Lh/Lc, Tsatand working fluid are concerned. This develop-

ment is also included in the survey by Japikse [Ref. 41].
This heat transfer is graphically presented in the Lee and

Mital paper in their Figure 12, shown here as Figure 3.3.

This clearly shows that the quantity of heat that can be

removed by a two phase water device is large, even at a low

saturaticn temperature. The report also indicates that for

water the increasing ratio of heated length to cooled

length, L+, decreases the maximum heat transfer. The heat

transfer is also very sensitive to the operating pressur=;
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Figure 3.3 Compariscn of the Experimental Results ith theAnalytical Prediction-from Lee & ital paper.

the heat -trans fer coefficient increases appreciably wit" the
mean perating pressure. The tempe:raturp drop increass
with the pressure. drop along the length of the thermosyphon
tube (and the saturation pressure gradient). As ths pres-
sure incrsases, the vapor specific volume decreases,
resulting in a decrease in the pressure drop; the mass flow
rate of the vapor is essentially constant for transferring a
given heat input rate. In the previous papers, the

vert ically-orien ted thermosyphorn was consi46dered and thq.
current rodel (for come of the orientations) requires the
device to be oriented in the horizontal direction (perpedi-
cular to the applied acceleration field). Although the Lee
and Mital paper was considering a vertically-oriented, two-
phase thermosyphon, the general results are the same for thk-
horizontal tube.
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7. . .-

C. LI1ITS OF OPERATIC

Whern considsring th- design of a two-phase thrncsv c:,

or a heat pipe, liaitations to the heat transfer nus b,-Z

considered; four of these limits are common to both devices

(sonic, entrainment, toiling, and condensing). A qualita-

tive ccmparison of these heat-transfer limitations as a

* function c tht saturation temperature is given in ['ef. 481

and is shown in Figurr 3.4.

SONIC
LIMIT

SOLING
UMiT

4

.. IENTRAINMENT
LIMIT

S 4- CONDOENSING

x ~LIMI T

SATURATION TEMPERATURE

Figare 3.4 Operating Limits of Rotating Heat Pipes.

The sonic limit and the boiling limit have been readily

analyzed. The entrainment and the condensation limits are

not as well-known and little, if any, literature describing

these phenomena exist. This is an area in which further

research is needed.

1) Sonic limit: the vapor flow in a two-phase closed

system is limit-d to the sonic velocity at the operating
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pressure (also known as the "choking" limit). The sonic
-. jl m i I repr es e- nt eSd t y

Q =mh = A Vsh, 3.3)max V v Sfg

where Vs is the sonic velocity of the vapor. This limiting

velocity may be determined experrimentally, computed by the

rlationshio Vs={( ,/ ) s ,/2, or approximated by. thn
S sperfect-gas relationship [YET /

sat

2) Entrainment limit; the interfacial shear between the

liquid and the vapor will hold the liquid (which is flowing

in the opposite direction) back and starve the evaporator
secticn cf liquid. This counter-current flow, when the

relative velocity is large, causes the interface to bsccme
unstable which results in waves at the interface. As the

vapor velocity continues tc grow, droplets of liquid are

formed at the liquid surface as the shear force exceeds the

surface-tension force. The formation of these droplets and

their subsequent entrainment in tha vapor stream causes the
partial or total stoppage of the flow (dry-out). This

phenomenon is generally governed by the Weber number (the

% ratio of the inertial force to the liquid surface-tension

force). The Froude number is also used to characterize the

phenomenon of the drop-wise entrainment of the liquid in the
vapor stream. In the application considered herein, the

formation of the waves is considered unlikely due to the
extreme acceleration field present. Since the flow is
counter-current and is in the presence of a high accelera-

tion field the entrainment limitation thus will reduce to
the "hold-up" limit. It will remain stratified until

hold-ul occurs, resulting in evaporator dry-out.

Uxperimental determination of the exact correlation for the
hold-up, or entrainment, limit is required for a horizontal
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tube rotating around a parallel axis, thereby cr=inrg ;

perperndicular acceleration field many times greaaer than

gravity. The,; erntrairmert limit is generally giver. by;

Qmax =hfg PvAvVE, (3.4$)

where V. is when the Weber number equals unity, the Froude

number .quals unity, or is experimantally found. ITn ancther

approach, Jaster and Kosky [Ref. 56] used the ratio of the

axial shear force of the vapor flow on the liquid surface to

the gravitational (accelertional) body force upon the li4qui

(defined as 'F") in order to arrive at an appropriate

"hold-up" criterion. They correlated -xperimental data as a
function of this "F" value, as the flow they were studying

transiticned from stratified to annular. The result of

their experiments was that the flow was stratified for "F"

valu.es below five (5) and was fully-annular above twenty-

nine (29). The value of "F" set equal to five (5) was

established as the criterion for the transition from strati-

fied to' annular for the co-current flow case. The same type

of analogy was developed by Collier and Wallis [Ref. 57] who

balanced the inertia force and the acceleration force to

scale stratification effects where their criterion was given

as J* (vclumutric flux) equal to 0.25. Both of these refer-

ences point out the need for further resqarch in this area.

3) Aoilin. l: Again, as discussed in the first

section of this chapter in the general discussion on two-

phase thermosyphons, the boiling limitation in the current

application is due tc the creation of- profuse nucleaticn at
the ev-_pcrator section and a resultant vapor film on the

evaporator surface which insulates the evaporator wall,

resulting in Iry-out and overheating. The boiling limit is

given by the Zuber-Kutateladze prediction as discussed in

(Ref. 18 and is given as:
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Q =0.13A 1/! h 2bR - ) 13/ ,..,
max v fg v 4

were A i' the area in ths evDaoorator section €otr _i- .
B" heatin.g.

) 2fdeaser livit; The capacity of the condenser is
. ..ed c.- nv_ .arnameers, such as the geometry, the

wcrking fluid, the orientation of the vessel with respect to

te acceleration field, and the operating conditions. The

crientation of the vessel, for the model considered, is that

cf a horizontal tube (perpendicular to the acceleration

field) with internal conaensation. The condensing limit is

the capacity to condense the vapor on the inside surface of

the condenser section, and this is shown in Figure 3.4. No

aralysis on the outer surface is presented in this thesis.

Instead, the conlenser limit is based on the capacity of the

inside wall exposed to condensation, using an arbitrary, but

reasonable, wall temperature. (Generally, the largest

thermal resistance cccurs between the ambient and the

condenser cuter surface. Therefore, heat transfer is
limited by this resistance unless the outside surface area

is substantially increased by the use of fins.) The

condensing limit is given by an equation from [Ref. 58] by

Collier for a horizontal tube with internal condensation in
a gravitational field as:

= A ATF ((p1 (0 -P )ghf kf 3)max v c Vhfg f- T (lP-v )

Dp1 (Tsa-E )}I/w (3.6)

For the rotating reference being considered, the "g" term in

equation (3.6) is replaced by the centripetal acceleration

o! 2 2R. The factor "F " in this equation, allows for the

fact that the rate of condensation on the statiffied layer of
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liud isregiable. The value of 'IF 11"z~.Prndc 0- -..

angle and is tabulat9-d 'n [Ref. 58]. It-s Va I ,I E =

from zerc, when the tube is f ull1 (n o su r fa ce p an-

*condersaticr to occur), -.o 0.725 ,when thq -zubs emp--y. T h

angle p sshown rn Figure 3.5.

/ 0

Figure 3.5 Laminar Condensation within a Horizontal
Tube (from Collier).

1 . Comcutation of Heat-Transfer Limits

The calculation of these- limits is an important steD

in the design process.

The calculaticns required to analyze the configura-

tion of thp current model are not all well known. The

following appear to be the most applicable to the model

being evaluated:

----The sonic limit calculation is from basic principles as

shown by equatiJon (3.3) by allowing the vapor velocity to

* increase to the Macb value of unity.

---- The boiling limit is given by the Zuber-Kutateladze

predictirn -as discussed in [Ref. 48] and i6s given by equa-

tion (3.5)
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---- The condensing limit is given by an eaua n n :=,

(Ref. 58] hy Collier in equa-ion (3.6).

17 h iterature reveals no correlation yet for th ::rir.-

ment limit in the heated, hcrizontal tube rctating about a

parallel axis with ccunter-currpnt flow. Since the majority

cf analyses previously conducted for this type of flow have

S_;4. r hat ths entrainment limit is typically b 2ow th

sonic and above the ccndensing limi , the correla+ions

previously mentioned have been plotted against tha auount of
fluid that is charged in the tube (percentage fill) for the

* - three reasonably known values (sonic, boiling, and

- condensing limits) in Figure 3.7. klso shown is the

entrainment limit computed from the Jaster and Kosky

[Ref. 56] correlation developed for co-current flow.

As was previously noted, the condensing limit is th-

factcr that is the mcst limiting in the design of the ther-

mosyphon. The values of Qrax are increased to a maximum

based on the length of the condenser, the percentage fill

and the A T availatle between the constant temperature

* -(assumed) wall and the saturation temper'ature of the vapor

* condensing on it. As already mentioned, the resistance to

heat-transfer afforded by the condenser outer walls to the

ambient may be quite significant. The ability to design an

adequate fin arrangement and supply cooling air in suffi-
cient quantities, while minimizing the windage losses,

itself is a substantial problem. From the data obtained in

this rough model, there are some self-evident points to be

considered:

----The length of the condenser, from a heat-transfer uoint

of view, determines the heat-removal potential,

----'The amount of liquid fill can be optimized,
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---- The temperature at which the valls of the cond.nsc: -

..taind and the tleperaturs at which thve ,po.-

operated ar= critical as th -omperature djF rc'- s

driving force in the heat transfer.

For the model being evaluated, and neglecting (as

the limiting value) the entrainment i1mit, rhe closed,

4w:-rha -thermosyphcn, operated at a saturation trnjarature

at, or above, 1000 C and with the condenser sec"ion held at a

wall temperature of 500C with rotation at a 0.381 m radius

and 3,600 RPM can transfer the required 50 W of pcwc.r with
the condensing limit being the limiting value. Figure 3.7

is based on a heat load of 50 W to be equally divided

between condenser sections in both end-bell regions (i.e.,

approximately 25 W each per condenser). For the 3600 RPM

model the percentage fill may increase to approximately 40%,

and still maintain the required heat flux. The effect that

the Rr has with regard to the temperature rise in the

heated section, makes the chcice of the closed-loop thermo-

syphon poor for the motor application, but quite suitable

for the generator. Further background on the theory of

two-phase flow is available in publications by Wallis

[Ref. 59) and by Collier S Wallis in [Ref. 571. The feasi-

bility of the design has been shown by Corman and McLaughlin

[Ref. 60] and by Groll, et al. [Ref. 61] through experi-
ments with heat-pipe cooling of electric motors in the

scheme primarily reccmmended, although the difficulty of the

liquid transport at Icw rctation rates was noted. A diagram

of the cooling scheme such as recommended and tested by

Corman & McLaughlin and Groll, et al., is shown in Figure

3.6 (reproduced from [Ref. 60)

N
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IV. CONCLUDING SUMM&RY

As discussed in the paper by Greena, et a!. (Ref. 62],

the need for electric propulsion of minimal cost, volu me,

and weight is well known and motivated by the inhsrsnt

advantages of this type of propulsion. A significant

constraint to be overcome in the development and manufacture

cf these systems 's the rate of heat- removal frcm t hsse

devices. In 1976, W. D. Morris [Ref. 63] mentioned that

increasing the load per unit weight of these devices

demanded that the inherent heat created by the internal

losses be removed via improved cooling techniques. lorris

also elaborated on the "complex arrangement" of the ducting

and associated equipment required to accomplish this

increased cooling. Further, he stated that "Ther- is

currently insufficient technical information available with

which to make confident predictions of the effect of

Coriolis and centripetal acceleration on flow resistance and

heat transfer in the complex coolant circuits...". Since
then, Morris and his co-workers have attempted to fill the

literature gap in this area, and have uncovered a great many

facts regarding this flow structure; they have also uncov-

ered a great many questions for further research.
As shown as early as 1955 in an article by Sir Claude

Gibb [Ref. 64], the principle factor in the failure of two
very expensive generating sets was the inability of the

devices to dissipate their own heat. In the late 60's,

Peach (Ref. 65] wrote of the successes that the English
Electric Company had with regard to liquid cooling of the

large generator rotors being used in th.ir 500 MW devices

and predicted that the devices would reach 1,000 MW with

this technology. This was followed in 1970 with a second
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report by Peach (Ref. 66] where he outlined the c_-- r --

U.S. generator sizes and predicted that the liqui-c odi-l

4t0c 'C ay would be r'iedin the near finlurp IT

the devices being planned in this country which exce=-de

1,000 MW. The losses developed in the large-scale, high-

power, superconductive devices, currently beina developed

for large-scale implementation, require extensive use of

cooling a+ cyrogenic temperatures in order to function in

the super-ccnductive state in which they operate. A discus-

sion of this application is presented by Schwartz and Fone:

[Ref. 67), in which a number of the schemes discussed herein

are shown.

The previous chapters have discussed the ability of

external, forced-convective cooling to remove the
internally-dev eloped heat loads in electrical, rotating

machinery. The reduction in size, the increased efficiency,

and the prolonged life cycle are all very important reasons

to utilize advanced-cooling ccncepts. The use of turbulent

flow is feasible at all PPM's; therefore, both motor and

generator applications would benefit from forced-convective

liquid cooling utilizing turbulent flow. Laminar-flow heat

transfer is feasible only at higher RPM's, which tends to
limit the applicaticn of this method in regard to motors.

The actual transition from laminar to turbulent flow is not

well known and furtler investigation is required to deter-

mine the transition point; the transition may occur at a

flow and Rr9 acceptable for the motor application. However,

the utilization of external, forced-convective cooling has

some major difficulties associated with it:

1) The source of the external cooling fluid must be

easily accessible, dependable (in a casualty-control sense),

safe, volumetrically small, light, and should be reasonably

inexpensive.
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2) The flu id itself should be of high specific -::t,
light, ire xpens ive, and XerS iIRort~ntly, non--:-xC4_.C

non- flammable.

3) The method of transpcrting the fluid from th- source,

through an external heat sxchanger, through the device, and

back, should be extremely reliable and quite resistant to

external damage. This 4- an area of serious consier _Aio.

where the rliabii Iit of conventional, Lotajjnq s-als As

_uestionable in the least.

The alternative to the use of external, forced-

convective cooling is the utilization of a closed device:

(a) the closed, twc-phase thermosyphon, (b) the closed,

rotating-loop thermosyphon, (c) the closed rotatina-loop,

two-phase thermosyphcn, or (d) the heat pipe. These alter-

natives remove the necessity of using radial rotating seals

in the design of the cooling system.

The closed, two-phase thermosyphon, as shown in Figure

3.6, must have a sufficient forced-air circulation through

the end-bell regions to remove the heat. This will require

optimizing the length of the condenser sections, the geom-

etry of the fins, the number of fins and the direction of

air flow within the device to maximize the heat transfer

while minimizing the windage losses. The closed two-phase

thermosyphon is feasible at the higher RPM's that the gener-

ator operates at; additionally, this method could also be

feasible in the motcr application if a heat pipe (i.e., a
thermosyphon whose walls are lined with a capillary wicking

material) is used in lieu of the two-phase thermosyphon for

the lower RPM's.

The closed, rotating-loop thermosyphon requires an addi-

tional heat exchange through the shaft of the device,

possibly supplemented with forced-air convection through the

hollcw rctor region and by the exposed radial sections of
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the lCoD. This shaft heat exchanger may be in the fcrm of ;

rotating heat-pipe, as shown in Fi;_gures 4.1 and 4.2, 1;

the external sxchange is to aither ambient forced-air, 0

an external, closed water spray. The shaft heat exchanger

may also he cooled by forced convection using liquil

cooling, with axial, packing-type seals, external to the

device as shown in Figure 4.3. This closed-loop thermosy-

phon culd use either single-phase or two-rphlnr cperaticn.

The closed two-phase thermosyphon could also be exterdel
along the shaft thrcugh a bearing plate arrangement and

cooling air 7ould be supplied external to the casing,

simplifying the internal configuration, as shown in Figure

4.L.

The ability of these devices to cool effectively has

been proven and their usage in this application is theoreti-

cally feasible. T'e axact ccrrelations for the calculation

of the performance values for these devices, especially in a

rotating reference, will require further research.
The analysis herein has shown the ability of the cooling

schemes discussed to remove the requisite heat load in crder

to extend the life cf the insulation, increase the effi-

ciency, decrease the weight and size of motors and genera-

tors. This study graphically presents the applicable

correlations for the determination of the heat transfer

within a rotating, electric device. It alsc discusses the

limitations of these correlations. It has been shown that

closed, two-phase systems of an inherently higher reli-

ability are feasible, and deserve further evaluation.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

Eased upon the information reviewed a.-d analyzed f'n this

thesis, the following conclusions ar:e madi:

1) Force-convective liquid cooling 4s a Drctca

mean-s for improving the efficiency, zieducing the size ani
weight, and extending the life of high-power motors and

generators. The main disadvantage of forced-covectivs

liquid ccoling is the requirement of radial rotating seals.

2) closed-loop liguid thermosyphons arg feasiblz at

high RPM. They offer improved reliability over forced-

convective liquid ccoling which utilizes rotating seals.
However, this method requires the use the shaft as a

secondary hsat exchanger.

*3) The closed, two-phase thermosyphon is feasible at

the higher RPMS of the generators. This method requires
*forced-air convection through teend-bell regions or the

extension of the devices along the shaft for external

* forced-air convection, both of which will add to the windage

losses.

4) Fcr low RPM applications, such as motors, the use of

a heat pipe will be required to overcoms the inability of
the icy acceleration field to transport the cooling fluid.

Bath thq _ closed, two-phase thermosyphon and the heat-pi4pe

require forced convection at the condenser ends 4.o remove

the heat either internal, or external to the device. This

may add to the windace losses.
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5) Correlations and theoretical analyses are nc-t av:i -

able in the literature for:

a) the counter-currnt enrrainnen+ li 'for - -

phase thermcsyphcns under rotation and

b) ths transition from lamina- to turbulent flow

for rotating systems.

* E. PECCMMENDATIONS

The following reccmmendaticns to continu- this work are

mad :

1) Testing of the fcrced-convective liquid cooling

scheme should be acccmplished using the DTNSRDC test rig to
confirm the analysis and the validity of the availahi

correlations, or to obtain proper correlations for the

specific gecmetry and utilization being projected.

2) An experimental program should be devised and

conducted tc detrmina th_ entrainment lim'itation in a hori-

zontal, heated, channel rotated about a parallel axis with
counter-current flow cf liquid and vapor.

3) An experimental program should be developed to

determine the optimum condenser length and proper fin

arrangment for the use of both heat pipe and closed two-

phase thermosyphon systems for rotor cooling. Consideration

cf the stru-tural integrity must be included for the

condenser end-lengths.

4) An experimental program should be developed for

correlating the laminar-to-turbulent transition during

forced-convective liquid cooling in a heated, horizontal,

rotating pipe.

5) An experimental program should be developed to

modify tke inside gecmetry of the closed-loop thermosyphon

96
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(and axial, closed, two-phase t-hermosyohor) to o v2iz-m thz

heat-transfelr and the frictior losses wit.hin the dsvIcs.

6) A detailed analysis should be made o f the s aft
cooli ng potential fIcr ths rotating-loop thermosyphon w it h

regard to the heat-transfer enhancement ef the shaft to the

fluid and the mechanical desicin of the shaft.

7) An experimental program should be devslcped to

analyze the closed, two-phase thermosyphon with radial

-~ conderser sections and the closed-loop two-phase thermosy-

phon. These two devices may experience star'--up balance

problems.

"0 8) Various configurations should be analyzed for their

pctential for heat transfer to include a combination of the

systems described herein, as depicted in Figures 4.1 through

4.4.,

9) The concept cf modifying the geometry of th? rotor

windings within these dsvices in order to minimize heat

conduction path lengths to the casing, shaft, etc., and

thereby the internal temperature gradient, should also be

.Investigated.
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A.ENDIIX A

GOVERNING EQUATIONS FOR LAMINAR CONVECTION IN UNIFORMLY

HEATED HORIZONTAL PIPES AT LOW RAYLEIGH NUMBERS

The following development, by lorton (Re. 11] ,

presented herein fcr completeness. The stea y !aa

moticn cf a fluid in a horizcnta! circular pipe of radius a,

the walls of which are heated uniformly so that a constant

temperature gradient - is maintained in the directicn of

the axis. The flow will be referred -o in cylindrical coor-

dinates (rc ,z) with measured from the upward vortical

and the z-axis along the axis of the pipe; the velocity

components are denoted by uv, and w. The effects of dissi-

Fation and cf the pressure term in the energy equation will

te neglected and that variations in the density due to the
temperature differences are so small that they only e.ffsct

the buoyancy term. Thermal conductivity and kinematic

viscosity are assumed to be constant (which will introduce

quantitative errors into the solution, but should not change

its general character).

The equation of ccntinuity is then:

3ru/3r + 3v/30p + 3rw/az = 0, (A.1)

and the energy equaticn is:

u( T/3r) + v/r(3T/Ap) + w(3T/9z) = k 7 2 T, (A.2)

where 72=@2/3r2  1/r(D/3r) +l/r2(92 /3 2 ) + 2/3z2 and T is

the local fluid temperature. The momentum equations can be

written in the form cf equations (A.3) through (A.5).

.p. 98I



-U/ +. . . .. . . . .---. u/ +S/ Z -V 2 /

v( 'zu-u/r 2 -2/r (3v/,))- o(T -T) cos, (A.3)

. u(3v/ r) +v/r( v/ )+w( v/3z)=uv/r = r(p/ 3f)

7 ( 7-2v+2// (+u.4-v,,-) g(T -T) sin (A.4)

u (3wl/r) +v/r ( w/p) +w (;w/lz) =

-1/1( 3p/3z)+v V2 w. (A.5)

In equations (A. 3) and (A. 4), the buoyancy force has been

calculated relative to the fluid at the same level adjacent

to the pipe wall and the remaining distribution of force has

been absorbd into the prsssurs, p.

For steady convection sufficiently far from the pipe

cpening to avoid inlet-length effects, the temperature

throughou' the pipe increases uniformly with the distance

along the pipe axis. Hence, the distribution of buoyancy

force in sections of the pipe is independent of z; as the

secondary flow is caused by the buoyancy forces, the flow

field must also be independent of z. It follows that therp

should be a similarity solution with uv,w, and Tw-T as
functions of r and % only, and with p=Yz+P(r, ) (where P

contains the terms absorbed into p)

The continuity equation reduces to the form:

a(ru)/ar + av/a = 0;

hence, a dimensionless Stokes stream function can be

introduced in such a way that:

ru/v = / p, V/V = -Wl/r.
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The main equations (A.I) through (A.5) may b= r-z- f -
non-dimcnsicnal form by the transformations r=aR, w=( /10 3,

and T -T=TaPr , where Pr is the Prandtl number (,/c). If
the F rssure is eliminated btween equations (A.3) anI

(A.4), the resulting momentum equations are:

R a(1Rs inD + 1/R(918/)cos b, (A.6)

1 1(3/3RI)W +4Re =O, (A.71

and where,

72= 2 /R 2 + 1/R(D/9R) + I/R2( 2/9 2).

The Rayleigh number, Fa, is given by gra4/(tv ) and the

Reynolds number is the normal Reynolds number, Re, for

Poiseuile pipe flow based on the pipe diameter and the mean

velocity across a pipe section is (a/v) ( ya 2 / ).

The solution of the energy equation depends on the temp-

erature cn the boundary condition at the wall of the pipe.

Pipes will usually have reasonably-thick walls of material
with thermal conductivity much higher than that of tha

fluid, so there will be little variation in wall tempera-

ture around the pipe circumference. This will be specially

so for slow ratos of heating when asymmetries of the flow
will have small amplitude. Hence, write T =TO+ z, wherp TO

is the wall temperature in the section containing the

origin. Althouqh there is uniform heat transfer per unit

length of pipe, the local heat transfer will be slightly

greater near the bottcm of the pipe than near the top. With
this assumption, equation (A.2) reduces to the non-

dimensional form of equation (A.8).

100

. . . . . . . -A J. -0.

* . * *



+2 (/P) (3 q/ 9R) e3/3$-(4) 3 (e/R) + W= 0\

The boundary conditions are:

u,v,w, and are zero on r=a:
u,v,w, and 8 are finite on r=0.

(A .9)

Although solution of equaticns (A.6) through (A.9), satis-

fying conditions of (A.9 is considerably difficult, succes-
sive approximatic s tc the solution can be obtained by

expanding P, W, nd 8 as power series in the Rayleigh

number, provided that this is numerically small. Supposing
that:

W=W 0 BaW 1+Ra 2W 2...,

8=e0o+.ae +Ra2 e 2 +....

(A. 10)

The leading term P0 Cf p must vanish because there is no

circulaticn when A is zero, but 30 is not zero since the

difference in temperature between a fluid element and the

neighboring wall is proportional to Te. When relations

(A.1O) are substituted it equations (A.6), (A.7), and (A.8),

three sets of equations for the funtions i " w , and e.1 1 1
ar. obtained by equating coefficients of powers of Ra.

From equation (A.7), the basic equation is:

721i + ,Re = 0, (A.11)

which has a solution:

W= Re(1-r 2 ) (A. 12)

which satisfies the conditions W0=0 at F=1, W0 finite at

1=0. This is ordinary Poiseulle flow under a pressure
gradient -40-Re/a 3 in an unheated pipe.

101

IA*.*. .



The first of the equations derivel from equation f.8)

fer the temperature distzibu,-ion is:

2, +W =0, (A. 13)

subject to e,=O at 19=1, eo finite at R=0, and the solution

is axially symmetrical as no aciount has been taken of

gravity at this stage of the approximation. T ~i3 is atis-

fied by:

50 =(1/16) Pe(1- Z) (3-R 2 ) , (A. 14)

which is the customary solution for forced convection.

The first-order approximaticn for ' satisfies the equa-

tion:

74 =~ 0/a sin' (A. 15)

obtained as the coefficient of Ra from equation A.6, and the

boundary conditions 1/a.,?P/9¢=0 on R=1, and R-1(a'/),

3tp/3 R remain finite at R=0. If '1p is assumed to have the

form iP (R)sin , the dependence of equation A.15 on ¢ is

eliminated, and p (R) is easily found:

1/4"- - /6 08) R e R(I1- R ) 2 (10-R 2) s in ¢  (A. 16)

Similarly, the 04rst-order approximation to Wlsatisfies the

equation:

72W 1 1/P) (alp 1 / ) (3v 0/9R) ,(A. 17)
i'. -"I i

and the boundary conditions, W1=0 at R=1 and W, finite at

R=O. 7he dependnce of equation A. 17 on is eliminated by

r: taking W1 =W (R)cos3 , whence

102

- -- % * - -



' -- * - -' b.- - - . * . *-. * %,.'N S2.' - ."J-'i * -,.' - -. ' V •. * - ,.. • - * • * . • . * , _ .

-... .7

:.-'"W -(1/184320) Re2r_ (1-R2 ) (49-51R2+ 1oR4-_ 6)CO.s, . IA Q

The first-order approxi a-t-cn to S a fi S u-
~t-_on:

V20 (0/R) (R)a 1 1/31 (96/ 3R) -W (A. 19)
_]i

and ths Lcundry conditions, e = at -ar... .ite I

R=O. Hence,

.-=- (1/22118400) Re2 (1-R2 (38 1+1325) -(354 +1675a R2+

+ (146+925a ) R4-(29+200a) R6+(1-2a) ROccso . (A. 20)

This ccmpletes the approximate solution to the first

order in Ra for convection in a horizontal pipe, which is

heated so that there 4s a constant temperature gradient

along the walls and uniform temperature around the girth.

It may he noted frcm equations (A.10) , (A.12) , (A.14),

(A.16), (A.18), and (A.20) that the full convection solution

depends essentially cn the product RaRe. This is clear if

it s recalled that Ra is proporticnal to the increase in

wall temperature along the pipe and Re is proportional to a

characteristic velocity cf the flow along the pipe. An

. increase in Ra means that the fluid will be carried through

a larger temperature differences, and, hence, there will be

increased buoyancy forces; but the same effect can be

produced by an increase in Re, and hence in the velocity of

the main flow.

The two most interesting consequences of such a solution

are the modification of the heat transfer due to secondary

flow, and the effect of heating on the tangential stress at

the wall (or on the rate of flow for a given pressure

gradient). However, as both W 1 and a[ vary with cost,
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nei-her the flux ncr the heat teansfe_ across .
sect -6 cfE the p ipewI b; -nn .h

aprximnation a!:oah th-%re will be local variations.

T _ find 'he changes in tctal flux and heat transfer,

_IS necessary to proccred to the second-order approximations,

and the revelant equations for these are:

0 *R (I 1

+ ( e / R) sin. + (1/R) (3e/ q)cos,

'7 2  O/1 W~ A R 'AI+(1 R (

1 2 1R , + QyR o( 3( e -

1 0 2 2

(A. 21)

The only difficulty in solving these equations is numerical

tediom and the remaining second-order solutions are

presented in (Ref. 11].
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APPENDIX B

SINGL!-PHISE ANALYSIS (COMPUTER PROGRAM AND RESULTS)

The following prcgram was written to give the results of

the various correlations for the heat transfer for tho

fQrc.=1, si:*-p.. - .. ccnvctcztic in the rotati;i -_:,f.c a

disscussed in Chapter II. The program is so written thal
- .- modification to include other corre!Va'cns is quite easy.

It was written in HP-Basic for the HP-9826 computer.
sub-programs for the graphics are not shown. Sample runs

are included immediatqely following the listing.

-Pages 105-109 Program Listing

-Pages 110-1 11 Thermophysical Properties (Commcn to

Appendices B through D).

* -. -Page 112 Sample Calculation

60r:
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,40 'O M EXmin.Ymn.S x.Sy

, 105O OPTNITEp IS
")60 BEE
070 P:;I.NT USING "2X.""De-a, t values: ......

1080 D-4.763E-3 ' Tune iainerer (n)
1)90 u-.8230 ! Tue length (m)
1100 R-.4022 ' Rao.as oF rotor (n)
210 :RINT USING "dX,""Taoe diameter = ".7tDE,'" (m).. :D
'20 PRINT USING "X.""Tube length = "".DD.0'... r .D .' ,C --2 ,1 i 7N 'q ......;.a(. ..u....or:2 F:T*SThG "X,""Raoius or rotor ,"..3D., (ni :'1~11 q BEEP

1'50 INPUT "OK TO ACCEPT DEFAULT VALUES (1=Y,O-N>?', Id
1160 BEEP
!:0 INPUT "LIKE A hR4RD COP Y ( Y. N)tl hc
1180 IF Ihc-1 THEN
-90 PRINTER IS 701
1200 EuSE

1210 6RIN T ER IS 7
220 END Iz

:230 IF Id-, THEN !300
"240 BEEP
1250 INPUT "ENTER TUBE DIAMETER (r)".D
1260 BEEP
?70 1NPUT 'ENT7-ER TUBE LENGTH Cm)".L
1,230 BEEt:

290 -PN.T "ENTER RADIUS OF ROT _R ' m".,
1300 ORINT USING "'!OX t"-- reometr c varlabes

3 210 ZlpINT ..SI..G '4X.""Tie :ianeter (D) " .ID.. (ni..
"0 PRINT USING "4X -. ,,e ienctn L) r . Cr

; .30 :R:I, 'jiING "i4X . /D = .50.D":,!
1340 PRINT USING "1OX.""Rotor radius (R) = "".2.30."" Cm)".. P
'50 PI NT
360 PRINT USING "lOX .- Comonteo values are:

1 1370 PRINTER IS I
'380 BEEP
1390 DRINT USING 2X 'SELECT OPTION:.

1400 PRINT USING "4X "1 Single point ......
"-110 PRINT USING "X.""2 Nu versus RPM.
1420 PRINT USING "4X.""3 Na versus Re ......
1430 PRINT USING "4X, ""4 Na versus Prod"""
1040 INPUT OP
1450 IF Op>2 THEN
1460 PRINT USING "OX."'SELECT OPTION:.

1470 PRINT USING "4X....2 VARY RPM ......
180 PRINT USING "4X,""3 VARY Re.
1090 INPUT Opx
'500 IF OQx-2 T HEN 9P-2
1510 IF 0px-3 THEN Op-3
1520 END IF
1530 IF Op>1 THEN

* - :540 BEEP
1550 J-O
:560 DRINTER IS

% '570 PRINT USING "aX,""S-E rOPTO.,,:.
-1 1, 1580 PRINT USING "4X."" I-Dittus-Boe~ter. 2-Nakayana 3-Nakayama & 'uz~o~ a

4...
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I ma -. .. - --

--'

13u :ljru6-u N. ,j _Lj, i k .u-N) 'Ukoiot
V 1630 IF Okpiot-' THEN

1640 CALL Piot(J .Jc.JC.X.Y.Type.Cx)
'650 BEEP
I60 INPUT "SOLID-1 DASH-DASH-2,DOT-DOT=3".Type
1670 END IF

"680 E:ND 7C
1690 Nstep100
700 IF Oo-2 THEN

.710 BEEP
I7120 rNPTU "ENTER RPM RANGE (MIN.MAX)".RpmI.Rcmh
1730 Rpm-Rpml
1740 ELSE
1750 BEEP
1 760 INPUT "ENTER RPM OF ROTOR",Rpm
1770 END IF
1780 BEEP
1790 INPUT "ENTER OPTION (1-.3-Mf.3=Dt)".Io
1800 IF Ihc-! THEN PRINTER IS 701

-" 1310 IF Ihc-0 THEN PRINTER IS 1
1820 PRINT
.330 PRINT USING "?OX,""*- Operating VariaDles ** .
1840 PRINT
.50 PRINT USING "lOX,""InpuLt variabies are:...
1860 IF Io=1 THEN
!370 BEEP
.880 INPUT "ENTER COOLANT MASS FLOW RATE (kg/s)".MF
i890 BEEP
1900 PRINT USING '4X.'"Coolart mass !'ow rate = Z.DE (kg/s) ...... :,,
1910 INPUT "ENTER INLET AND OUTLET 7EMPS (C)".
!920 PRINT USING '4IX.""Cooiant inlet temp ,DD.DD. (C) :T,
1930 PRINT USING "14X,""Coolant outlet teno = "".DD.DD,"" (C)..:Tc
"940 END IF
'950 ! l o-2 THEN
" 360 BEEP
•970 INPUT "ENTER HEAT LOAD (W)".O
!980 PRINT USING "l4X.""heat load -"".4D.DD."" (W) ...... :0
'990 BEEP
2000 INPUT "ENTER INLET AND OUTLET TEMPS (C)".TiTo

S. 2010 PRINT USING "14X,""Cooiant iniet temo -"".DD.DD."" (C).. :Ti
2020 PRINT USING "It X,""Coolant outlet temp ."".DD.DD."" (C)"". :To
2030 END IF
2040 IF lo-3 THEN
2050 I7 Jj>O THEN 2200
2060 BEEP
2070 INPUT "ENTER HEAT LOAD (W)".0
2080 PRINT USING "14X,""Heat load - "",4D.DD,"" (4).." :0
2090 BEEP
2100 IF Op<3 THEN
2110 INPUT "ENTER COOLANT MASS FLOW RATE (kg/s)".Mf
2120 PRINT USING "l4X.""Coolant mass flow rate - "",Z.4DE,"" (kg/s)".... :Mf
2130 ELSE
240 INPUT "ENTER MASS PLOW RATES (MIN.MAX)".MfI.Mfh
2'50 Mr'-Mfl
"60 END IF
280 BEEP
2§80 INPUT "ENTER COOLANT INLET TEMP (C)",Th
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.. . . . .. - . 7 7 . 1.- V. Y5%701:,7

x..4 ~ ~ ~..... "4X"u.ar le: temp = .UDY C C

r2C N IF

22130 Cr%? -NLpw(Ta)
2240 kMtrFNML~w(Ta)
2250 K-FNKw(Ta)
2260 DrinrNPru(Ta)
2270 Rho-FNRhou( Ta)
22M Nuv-MuJRho

T29 C' THEN
.20- -0 .MfC'(To-Ti)
20 PRITNT USING "14X,""'Heat od0)-~tDD~(W :
2320 END IF
Z 2l3 0 -_,1o THEN
2340 Mf-0/(Co*(To-Tx)

230PRINT USING "!4X.~'-Cooiant mass ;1ow rate tL E,"(gs
2*360 END IF
2370 IF lo-3 THEN
2380 Toc-Ti+0/(MF*Gp
239 q0 TIF RBS(To-Toc)>.01 THEN
2400 To-(To+Toc)*.5
2410 GOTO 2220
2420 END IF
2430 IF J3-0 THEN PRINT USING "'4X.""Coolant oatiet temp - . 3D.DDY" (C

2:440 END IF
2430 1T, JrsQ THEN
2460 PRINT .. C r:...
2470 PRINT US I NG "IOX.""FIluid Properties evaluatedi at ""DD.DD. ~()ae
- 4Q0 PRITNT USING "l4XC-'Specific hieat C~p) - A.40D,.(2/kg;. K) ...:
2490 PRINT USING "l4X.""Viscosity (Mu) ' "".Z.4DE.Y' (N.slrn,'2.:'Mu
2500 PRINT USING '14X.""Trnerma1 cond Q) . 7.24D.w... (W/M.K ""K

250PRINT U S 1NG "14XY"Prandti number (Pr) = Z3'r
250 PRINT US ING "14XC'"Density (Rho) = A~WD. D. " (kg/rn ')--:Rho

2530 PRINT USING "14X.""Kinematic vis (N't uZ.Dv) m/
2540 Beta-WNBeta(Ta)
2530 PRINT USING "I4XY""Coe; ther exp (Beta) = Z. 4DE." /K).--Beta
2560 PRINT
2570 PRI1NT USITNG "1X""- Calculations
2 580 PRINT ,t
2590 PRINT USING "IO.""Preltminary calculations:"..
2600 END IF
2610 Re.4-Mf/(PI*D*Nu)

320! Friction Factors for stationary reference
2640 IF Re<2*1.E+4 THEN 2670
26,50 F-.18Sa/Re-.2 !I&D Eqn 8.21
2660 GIOTO 2690
2S70 F- .316/Re .25 !I&D Eqn 8.20
'2580!

2690 Q/(PI-*L)
2700 QpsQpp*PI*D
2710 Vr-4sMf/(RhoPID2)
2720 DpssF*Rho*VnC2*L/(2*D)
2730 Omega-RPm-2PI/60
2740 Ro.Vm/(Omega*D)
270 ay-0meaD2/Nuv !From STEPH-Rotarional Re
2 760 Kw-FNKw(Ta)

270 t(To-Ti)/L
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-730 --')-Beta-( (D/ ) -fl)tt/1'1_V 2
2790 Ra-Gr-Pr
'200 Gamma- (Re (2 /.)*(Gr*(Pr .6) "-~/13)b

2830i Laminar Value
2840 Nulam-48/'1
2850!
2S60! Tu~rbu~lent Value Irom Dittus-Boelter
2870 Nudb.023*Re'.8*Pr-.4

* 890! Stepnenson Lorreiation
2900 Nus-(Pr'.-/.67)-.0071-Re'.88-Jay .023 !ir.Turb-E- N2.23-r--orrected For wat
er
2910!
2920! Nakayama Correlation -,or t irouleft conditio~ns
2930 Nlunak-(Re^.8)-(Pr'.4)*(Tg C1/'30))*(I .04/Tg) (1/6))-.033 !Eon 2.9 (Tur
blent)
2940 Ty-N~nak/(Re' .8-Pr-.4)
2950!
_ 960! Nakayama Correlation for jaminar conditions
2970 J4'-Ji,2
2980 'q-2/11*(l+SQR(1+77/4.(I/Pr'2)))

% 2990 Cf-l-.48G..((3-Sq-1)'.4/(Sq-(Sq-Pr-SOR(5)+2))).J2/(Ra-Re) .6
3000 N~nakl48/1I.9IS*(3Sq-).2(RaRe.2./('+.t/0-SqPr)
3010!
0'020! Nakayama/Fuzioka Correlation for Radial P;Des
3030 Nunf-(.014/.023)-(Re/Ro'2.5)>12 4Nudb !TURP-EON 2.21

2C0Mus-M !Temnp VJalue M'4sMu.

2060! Sieder-Tate Correlation for Turbulenr
3070 Nust-.027-Re .8-Pr ."33-(Mu/Mus) .14
'J08O Prod-Ra-Re-Pr
30690!

* 00! Woods-' orris Correlation ior Laminar
?110 Nwm-r.262Prod^ .172*48/i1 ! Eon 27.22-WM2'
"2~0 JI-Jay/8
30!

_;!40! Woods-Morris Correlation -or Radial 'upes
3150 Nwm2 .015*Re-.78*Jl'.2 5 !from wrn2
360 IF J;-0 THEN
*"70 PRINT USING "14X2""Reynolds numoer (Re) - '-'.Z.3DE":Re
31180 PRINT USING "14X.""Friction factor (stat) w

* 3190 PRINT USING "14X,""Heat flux (OPP) 'z '.Z DE." (/m..
*3200 PRINT USING *14X.*"Mean fluid vel (Vm) -"".Z.2DE."" (rn/s)"...:Vm

2 1I0 PRINT USING "14X,'*"RPM Q.D. =

3220 END IF
7'30 IF IhcO0 THEN PRINTER IS 1
3240 PRINT
2250 IF jj-0 THEN PRINT USING "IOX.""Results:.
2260 IF Okplot-0 OR (Okplot-1 A14D Nstep<11) THEN
3 270 PRINT USING "IlOX." Nudb Nunak Nhunf N(wmr Nus Nwm2 ...
3280 PRINT USING "13X,6(3D.DD2X):Nudbn.Nnk f.N Num.Ns.NL~wm2
'3290 PRINT USING " 10.,"" Ra Ro Ra-Re-Pr Mf Naki ...
'3300 PRINT USING "14X,4(Z.2DE.2X).3D.DD.DD.DDD.Z.DD":Ra.Ro.Prod.MfNunakl
3310 PRINT USING " 14X," RaRe Tg Ty."
3320 PRINT USING "13XD.2DE.2XZ.3DE.2X.Z.DDD":Ra*Re.Tg.Ty
2330 END IF
3340 IF 0kplot-1 THEN
3350 IF 'Ian-I THEN Y-Nudb
3360 IF lan-2 THEN Y-Nunak

I--



L3 7 0 .7 ar - T -EN Y- n
3380 IF an-4 THEN Y-Nuum

3390 IF Ian-5 THEN Y-Nus
4Tn >4 TCEN TYNai, m2

3410 IF lan-7 THEN Y-Nalam
3420 IF 1an-8 THEN Y-Nanak 1
3430 IF Op-2 AND Opx<>2 THEN X-Rpm
3440 IF OP-3 AND Opx<>3 THEN X-Mf
3450 IF Oox-2 OR Opxs3 THEN X-Prod
3460 JI-Jj+1
3470 CALL Plot(Jj.JcJd.X.Y.Type.Cx)
3480 END IF
3490 IF Op=2 THEN
3500 Rpm-Rm*10O(Cx/Nsteo)
3510 IF Rpm>Rpmh THEN 3590
3520 GOTO 2730
3530 END IF
3540 IF Op-3 THEN
3550 MfsMf*IO'(Cx/Nstep)
3560 IF Mf>Nfh THEN 3590
3570 GOTO 2040
3580 END IF
3590 BEEP
3600 INPUT "ANOTHER RUN (1-Y.0-N)?".Ir
3610 PRINT "PU"
3620 IF Ir-1 THEN 1350
3630 INPUT "WANT TO LABEL?(1-Y.0-N)".Il
S640 IF 11- THEN CALL Labei
3650 END
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!140 R EA D K(-
1050 T-(Tstean+273.15)/647.':
1060 Sw~mO
1070 FOR N-0 TO 4
1080 SumS'i+K (N) - I- T (N+ 1
1090 NEXT N

'0 ' Pr-EXP(Br) -+()

1120 P-72120000-Pr
1130 RETURN P
!140 FNEND
1150 DEP FNHfg(T)
1'60 Hfg-2477200-2450*UT-10?
i170 RETURN Hfc
1180 FNEND
1190 DEF FNMLw(T)
:200 A-2)47.8/(T+133.15)
1210 ?iu=2.4E-5*10"A
1220 RETURN Mu
123 0 FNEND
1240 DEF wNvvst(Tt)
1250 P-FNPvst(Tt)
1260 T=Tt+273.15
1270 X=1500/T
1280 F1.IR1I+T*l.cE-4)
1290 F2-(l-EXP(-X )-2.5*EXP(X)/X' .5
! 00 B=.0015*FI- .000945*F2-.0004882*-X
1510 K-2-P/(461.52*TD
*320 V.(1+(1+2BK+.S-/K
1330 RETURN V
340 FNEND

i,150 DEF FNCow(T)
:1,60 Co - . 1 "-0 5 -* 2 2 8 6 - -T ( .2 6 E 5 ' 7 4 8 -- I

* - 370 RETURN Cow-1000
!380 FNEND

% '390 DEF PNRhow(T)
400 Ro-999.52946+T..01269-T-.5.48'5I3E-3-TP!,234147E-5))

1410 RETURN Ro
'420 FMEND
1430 DEF FNPrw(T)
1440 Prw-FNCpw(T)-FNMLw(TD/FNKwjCT)
'450 RETURN Prw
*460 ;NEND
1470 DEF FNKw(T)
'480 X-(T+273.15)/273.15
'490 Kw--.92247+Xo(2.8395-X*(1.8007-X*(.52577-.073,44X)))
1500 RETURN Kw
!510 FNEND
!520 DEF FNTanh(X)
:530 P-EXP(X)
1540 Q=EXP'-X)

%: 1550 Tanh-P-)/(P.Q)
1560 RETURN Tanh
!570 7NEND
1580 DEF FNHf(T

11



1600 RETURN Hf-11000
5610 :N EN D

I rZ20 DE;* FNTvcr (Pl
: 3G -Lv 10 1
1640 TI-lO0

1660 Pc-FNPvst(Ta)
1670 IF ABS((P-Pc?/P)>.900 THEN
1680 IF Pc<P THEN Ti-Ta
1690 IF Pc)P THEN Th±=Ta
1700 GIJTO 1650
1710 :,ND I--
1720 RETURN Ta
1 730 FNEND

*1740 DEF FNBeta(7)
1750 Rop-FNRhow(T+.i)
1760 Rom-FNRhow(T-.1)
1770 Beta--2/(Rop+Rom)*(Roo-Rom)/.2

'A1780 RETURN Beta
790 FNEND

1800 DEF FNAlpha(T)
.810 Alpha- NKw(T)/(FNRhow(T4*FNCow(T))
1820 RETURN Alpha
1330 'FNEND
1840 DEF FNSigma(T)
1350 Tt=647,3-T
1860 A..001*Tt2 -. 1160936807/(1+.83*Tt))
1870 B..001121404688-5.75290518E-6*Tt
!980 C-1.28627465E-8.Jt'2-1.11197!929E-!1.Tt'3
1890 Sigma-A+B+C

* - 1900REURN Sigma
1910 FNEND
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"-.'. T~unce cia~e:.er (n') " 4.762E-0": (C,)

Rotor radius ( - 02 (m)

Cornputec values are:

ioeratrng )'ariaoles ---

Inou.t variables are t" "" ~-eat loao c-'

Coolant inlet temp - 45.00 (C)
Coolant outlet temo - 45.7- (C
Coolant mass flow rate - 1F,329E-O? (kg/s

Fl-id prooerties evaiuated at 45.36 (C) are:
Soecific neat (Cp) -
Viscosity (Mu) - 5.8661E-04 (N.slm'2)
Thermal cond (k) - 0.638 (W/m.K)
Prandtl nUmber (Pr) . 3.884
Density (Rho) - 990.0 (kg/m'3)
Kinematic vis (Nuv) - 5.9255E -07 (mr2/s)
Coef ther exo (Beta) - 4.266E-V' (IIK)

.. Calculations
.5",

*:' Preliminary calculations:
Reynolds number (Re) - 7-.,41E+ 0
Friction -actor (stat) - >.402E-02

. eat fiux (Goo) - 4.060E+03 (W/n'2)
Mean ;l,,id 'el (VT) - 9.26E-0. (m/s)
RPM - 3600.00

Results:
h cb ;utnak Nun; Nu.Wm N Us . iwm2
49.52 55.30 ii1.80 31.SE 44.84 102.34

Ra Ro Ra-Re-Or M; Naki
7.39E+03 5.16E-0 1 2.14E+08 1,63E-02 44.90

RaRe g Iv
5.50E+07 7.506E-05 0.026
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APPEN~DIXC
THERPOSYPHON ANAlYSIS (COMPUTER PROGRAM AND RESULTS)

* The following program was written to give the results of

the corrslation for the heat transfer for- ths rc-ta tifnrg,

*closed-loop thermosyphon discussed in Chapte:r III. It WaS

*written in HP-Basic for the FP-9826 computer. Sub-programs

for the graphics and the t lier mophysical pronsrties ar : not

shown. A sample run is included immediately following the

* listing.

-Pages 114-117 Program Listing
-Page 118 Sample Calculation
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".0

:30 3M / min 1 7 , Y rin, y,:t

k14 O PRINTER IS 1
7 050 BEE'P[.w0 PRINT USING "X.""Defat values:...
1070 D-4.T3 4!E- Tube diameter (m)

-080 L= -. 02 3 0 ' ube 'length (m)
1090 R-.402l Radius o; rotor (m)1'O0 KF-O 'Friction actor ;or nens

1'10 Lt-2-L 2*RI1U20 PRINT USING 1WX""Tube diameter -

1130 PRINT USING "4X,""Tu~e iength - ",DD" m ...:
t40 PRINT USING "4X,""Ckt Length (Lt) - "".DD.D."" (rm) ......:t
150 PRINT USING "4X.""'Radius of rotor - ""Z3 ." (n) ...... :R160 BEEP

1170 INPUT "OK TO ACCEPT DEFAULT VALUES (1-Y,O-N)?".Id
1180 BEEP'190 INPUT "LIKE A HARD COPY (-Y,-N)".Ihc
1200 IF Ihc-1 THEN PRINTER IS 701
1210 TIF id-1 THEN 1280
!220 BEEP0 NPUT ENTER TUBE DIAMETER (m)",D
1240 BEEP

120INPUT "ENTER TUBE LENGTH (m)",L1'O BEEP

270 INPUT "ENTER RADIUS OF ROTOR Wm".R
12 80 PRINT USING "'10X. ""... Geometric Variabies *'...:290 PRINT USING "a4X."T,Te diameter (D) "Z.3DE."" (m) .:
1300 PRINT USING "14X.""Tue iength (L) -"DD.DD." ..... L
310 PRINT USING "4X.""C'kt length (Lt) - ""DO.. m"" : t

1 20 PRINT USING " 14X." "L /D ."5D. D" L!D'3350 PRINT USING "'4X.""Roor rotor = "" .3."" m .
1340 PRIT
350 PRINT !LIS ANG "RX,""ComPed raies are-...

1360 PRINTER IS 7
1370 BEEP
'380 PRINT USING 2XB""SELECT mPTION: ......
1390 PRINT USING Single Point"""

?400 PRINT USING "4X.,""2 NLL versus RPM"""..1410 INPUT Op

1420 IF Op>1 THEN1430 BEEP

1440 Jj"O1250 PRINT TERS I
1460 INPUT "LKE TO PLOT (=Y.O=N)? .Okpiot

1470 BEEP1480 INPUT "NUdb I .Nnak 1-,Num-3.n s-4, Nl-5". an
1490 IF Okplot- THEN

1500 CALL Plot(JiXYDt.Tc)1510 INPUT "LIKE A LBEL(5-YO-N)",I/

1520 IF II-1 THEN CALL Larel1530 END IF
1540 END IF
1550 Nstep-11
'560 PF Op 2 THEN
1570 BEEP
!580 INPUT OENTER RPM RANGE (IN.1AX)",Rpm1.Ron
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759 R V J.W * m' ' --RV' p.r i '"' f '-r r. '

o53C hp,rnv

1630 END IF
1640 BEEP
!650 IF IhclI THEN PRINTER IS 701
1660 IF IhcO0 THEN PRINTER IS 1
!670 PRINT
1680 ORINT USING "!0X.""--- Operating Variabies

£90o ORINT
170 PR INtT USING "!0X.-"lnLLat varianies are: 444

- .1710 BEEP
7. 72 0 INPUT "ENTER HEAT LOAD 'W)t.0

*73 0 PRINT USING '4 14X. 4"Heat ioad (W -- 4DDY"~:0
17'40 BEEP
:750 INPUT "FENTER COLD SIDE TEMP (C)"tTc
1760 PRINT USING "14X.""Cold side temp '-'.40.DD.'" (C.'-:Tc
~770 Dt-5
1780 TN-Tc+Dt
7'90 Ta-tTc+Th)-.j

1800 Dtt-Dt/L
1810 PRINT
1820 CP-FNCDU,(Ta)
830 Mu-FNMuw( Ta)
1840 K-FNKw(Ta)
;850 Pr-FNPrtw(Ta)
1860 Rho-FNRhoto(Ta)
1870 Nwr-M.IRho
1880 Beta-FNBeta(Ta)
-330 0mega-Rpm*2-P I/GO
!900 Th-Tc+Dt
'910 Ta-Tc+Dt/2kv 1920 PRINTER I"S1
'930 PRINT "TA -
1940 Rhoh-FNRhow(Th)
950 PRINT "RHOH-".Rhoh

1960 RNocaCNRNow(Tc)
.970 PRINT "RHOC-tRhoc
1980 Rhom-FNRhoIM(Ta)
1990 Drho-Rhoc-Rho,
2000 IF Drho<0 THEN GOTO 3140
2010 PRINT "dro-",Drno
2020 ML±FNP1uw(Ta)
2030 Cp-FNCpw(Ta)
2040 Beta-FNBeta(Ta)
2050 Pr-FNPrw(Ta)
2060 Nuv-Mu/Rhom
2070 PRINT "MU.CP -". .ML.Cp
2-080 Mf-Q/(Cp*Dt)
2090 Re-4/PIMf/(MueD)
2100 Gr-R*(0me9C2)*Beta*((D/2)-4)*Dtt/NuxK2
20 Ra-Gr*Pr

2120 ProduRaeRe*Pr
t2730 Nwai.262*Prodt.173-48/11

2140 DtwpsQ/(K*NujmwPI*L)
2'50 PRINT "DTWP -".Dtwp

*2160 Dtw-Dtwp
2170 Grr-R-Omega 2-Beta*D 3*Dtw/Nav '
2180 NusPr/Grr*Lt/R*D/LeRhom/Rhoh*(KFF+(256/Re*Lt/D) )*Re 3K1 90 Dtuca-J/(PI-LwK-Nu)
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-0 :pn>3UO ';iEN

_230 337 z
24 0 END I

2250 IF Rpm>10OO THEN
2260 Dt-Dt+1
2270 GOTO !900
2280 END IF
2'90 TF RpinY&OC THEN

2300 Dt-Dt+1 .5
.:.?0 GOTO 1900
2320 END IF
2230 1F Rpm>-300 THEN
2340 Dt-Dt+4
2350 GOTO 1900
2360 END IF
2370 END IF
2280 Vm-4-Mt/(Rhom*PI*D*2)
2390 Ro-VmI(Dmega-D)
2400 Jay-Omega-D)2/N~v !From STEPH-Rotational Re
2410 Dtt-(Th-Tc)/L
2420 Gr-R-*mega2)*Beta-*UD/'e) 4)*Dtt/Nuwj'2
2 430 Ra-Gr-Pr
2440!
2450! Laminar Value
2460 Nulam-48/ll1

-~ 2470!
2480! Turbulent Value fromt Dittus-Boelter
2490 Nudb-.023-Re .8-Pr'.4
2500!
2570! Stephenson Correlation
2520 Nus-(Pr .4/.367)-.0071.Re .28-.iay'.022 !Alr 7Tur t-EQN2.22-correctedi tor wat

2540! Nakayama Correlation ior laminar conditions
2550 J2- -

2570 Cf 1-.486*((3-SQ1)*.4/(Sq-(Sq*PrSR(5-2)))J/(Ra*Re) .6
2580 Nnk8T.9/3S~)2ae21+/0qP
2590 Mus-Mu !Temo Value Mus'IMt
2500 Prod-Ra-Re*Pr
2610!
2620! Woods-Morris Correlation ;or Laminar

* 2630 Nwm.262-Prod^ .173*48/11 4qn e.2-W
2)640 JIJay/9
2650!
2660! Woods-Morris Correlation for Radial Pipes
2670 Nuwm2=.015*Re'.78*JI' .25 !fromn wm2
2680 IF Ihc-O THEN
2690 PRINTER IS 1
.27 00 ELSE
2710 PRINTER IS 701
2720 END IF
2730 IF JI-0 THEN
2740 IF Jj-0 THEN PRINT USING "IOX.""Results:

*2750 PRINT USING -10X."*-Fiuid properties evaluated at '-.DDD.D2, (C) are: ....:
Ta
2760 ORINT USING "14X,"-Specific heat (Cp) = "",4D.DE.""(J/ko.K.'":Cp

*-2770 PRINT USING "14XY"'Viscosity (Mu) - ".Z.4DE." (KN.s/m'2)'"" :Mu
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"-"_~~'!" " '".l,..... ...<". X.': ,"7g,ns. ConG (k ) - " . ."",z.: .....

7-T "N " nzmer (r) " " Z.3 '

.0 R:,'4 T 'JSiG "14X,""Dens~ry (Rho) "" 'D.," Sk ,n . ho

U,4u -N, 14X."".oef therm expioera .. . ,
2830 PRINT USING "14X,""Reynolds number (Re) ... Z.3DE" Re2840 PRINT USING "14X."ean fh~id vel (km) = ""Z.2DE."" (r/s
2850 PRINT USING "'4X.""Mass flow rate - " Z2DE." skg/s ).. .%
2860 PRINT USING "14X.""Temperature (hotsiae) - ""DDD.DD.""(C) ...... KT
2870 PRINT USING "14X,"'RP1 - ""DDODD. .":Rom
2880 END IF
2890 PRINT
-- 900 -F kpiot=3 OR (Okpiot-< AND Nstep<MI) TUEN
2910 PRINT USING "l OX."" Nudb Nana'1 Ntwm Nus
920 PRINT USING " 3X,6(3D.DD,2X)":Nudb.Nunak1,NwmNas

2930 PRINT USING "l4X,"" Ra Ro Ra-Re-Pr I
2940 PRINT USING "U4X,4(Z.2DE.2X).3D.DD":Ra.Ro.Prod.Mf
2950 END IF
2960 IF Okplot-1 THEN
2970 IF ianil THEN Y=Nudb
2980 IF Tan2 THEN Y=Nunakl
2990 IF 1an-3 THEN Y-N,,um
3000 IF 1an=4 THEN Y=Ntus
3010 IF Ian-5 THEN Y=(48/11)
3020 X=Rpm
3030 Jj-Jj+1
3040 CALL PIot(Jj.X.Y.Dt.Tc)
3050 PRINTER IS 1

,e:",3960 END IF
3070 IF Op-2 THEN
3080 Dt-5
3090 Rpm=Rpml O .-
-100 IF Rpm>Rpmh THEN 3130
3110 GOTO 1890
-'<20 END iF
3'30 BEEP
7' 140 INPUT "ANOTHER RUN (1Y.0N)".Ir
3?50 PRINT "PU'"
3!60 IF Ir-1 THEN 1360
3170 INPUT "WANT TO LABEL9(1-Y.0N)".Ii

" 2180 IF il-I THEN CALL Label
3190 END

.'.t
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It

-.. TuDe d iameter L)
1 = (m)/bE-0? On)

S':,e lerngthn (.) a .32 (no
Ckt length (Lt) - 2.45 n

/D= , 72.
Rotor radius (R) = 0.402 (M)

Computed valies are:

-perat:.ng Varzaz.ei --

""l!tot variables are:
-eat tvad - 4.) (A)
0iCo side temp 45.00 (C)

Resul ts :
Y, dlul properties evaiuated at S2.75 (C) are:
* Specific neat (CP) - 43!0.1E+40(J/fk.K)

Viscosity (MLu = ".L1721-IM (N11.s/m 2)
. Thermal cond (- - 0.6404 (W/m.k)

Prandtl number (Pr) = 2.902E+00
Density (Rho) - 989.1 9kq/r, 2
Kinematic vis (Nay) = 4.4991E-07 (M'2!S)

Coef therm exp(Beta) = 5.2940E-04 (1/K)

Reynolds number (Re) - I .978E+02
Mean fluid vel (Vm) - 1 .87E-02 (mis)
Mass flow rate = 2,27E-O4 (ka/s)
Temperature (hotside) = 80.50(C)
RPM = 3e00.

Nudb Nunaki Nuwn Nus
2..42 5 .30 34.41 ! .55

Ra Ro Ra-Re*VPr Mf
6.T3E+05 1.04E-02 '.52E+08 3.27E-,)O

6'

M1
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CLOSED TWO-PHASE TH:flOSYPHO INALYSIS (COMPUTER PRCGAM AND

RESULTS)

The following prcgra.u was written to qive thl. rtsults of

the ccrrelations for th- sonic, boiling, and condensina

limi4ts as discussed in Chapter IV. It was written in

HP-Basic for the HP-9826 computer. Sub-programs for the

graphics and the therzophysical properties are not shown. A

sample run is included imm diat.ely following the listing.

-Pages 120-124 Program Listing

-Pages 125-127 Sample Calculation
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* ~ ~ ~ ~ ' -2 I'S 6 1 0 C ' ~- 1

C 14 P". n C -I ,l In :3 x -

10'" 9- 7. T eo diameter- (in

PQ.0 'JI c NG.' 7a eIab e reh~vP Mi

'c 'D''[ IC'"AA_"De ieg tn'_)iaD=" 0 n
?0 PR 1 l" JS 1i(. "4X,"ze Lenatn(_onc) ",9P" m I ...

*71] PRj.l U bflJ, 4X alILI$ of rotor Z ' "" 7." ....'.

'30 DJ: "N KT 4C? DE~FlUL T JALUjES :-.0N
*12100 BE7

R23 PR ER S2 7')?t

7%j DRI IT
.F0 ~ -

TH4EU 360

* , '20 -'IT "NTE TUB IAMETR ".
1300 0  E= P

3iNPU E., E TUBE LENIGTH(E,ao) (rW' Le

3 f) r":Pij "E'l 7""3 TB EDIGTHUCo;nd) (n)"Lc
.34t, BEn

.36.) PRINT UiSING '"AX.""-~ Geometric Vrnes -e
J0 PlRIN1T UI 31*G 3 "iAX."'Tuwe diameter (D) = "Z.3DE.'" (mnO-:0

1330) PRINT USING "14X.""Tune? ien~gth(Eva) (Le) - "",Z..3D.""' Cm' W:e
130) OR7IT USI1NG "ILIX.""'Tlune Iengtn)(Cona) (Lc) = "".Z. 3D. (in) ....:Lc
1400 PRINT UjSI7NG 1X"oo racias CR) = Z39" m)'-'
1410 PRI1T'l
1420 PRINTER IS1

-' ~~~430 BEE-P "x "EET'ZN
qa0O DRLi 17 :j! SP 7ONI..

1450 PPINT USIG "~4X. 0 ve rsus ',F,!i.
* 7~~460 PR IT USNG '*%j "24 9'V2

1470 INPUT 7 O
1-181 IF DJo>l THEN
1430) BE cU

.57-i PR'TUIG "lA.-"'JOT I7PL EENTED Yvu"""
520 G0T0 11540

1530 E
1540BD

F-u'-
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i% .
y- . -. p . - .f*.r'.r - C ,'.r5w'

-U-D

T4' (1 t7iD r

- :W) T :;7

T 92S "'4R7' zrs.2 0C 7.t

AI74f1 PR 7h !S IN PRINT ISa
*'C) ' E

!-30i) '"rD, Ii T Cj J sat NG) 4X.""Z1 YtR-

* ~ (j '90j 4Xu *' -'PT.

C, PRT' '5K!, "'X"Twi "DDD.D':Tu

3* AG tCY.,ij 1./at

~97Q ML =aCt NrMij( (Tsat +Tw)/2

190 K=--NK(Tsat.)
*'1900 Pr-_NPrw( Tsat)

1910 Rhoi=ENRhow(Tsat)
"4 13~~20HfThfMst

19310 Be-ta=F14Be a( Tsat)
*?a9 41 'zLma= NS :ra( I'sat)
-950 Rhov=1 /PNVvst( sat)
1 3G6l IuvM,4./Rhov
; 970) Rsn- .32?)

1980 RC-4pi6s

2 00 Jn eqaP rm'-2-PI/SG
2010 Pcce; 01mea 2*RP
2020 lF jt=,) THEN

200PRIN',
-~~~ ~~ 204 ~ SN O "Ia orooerries evaluated at .O.J." (C) ae

- : sat

* - ~~~2050 ' RDIT US,-IG !LX,"Socticna CD a.D"(JkaK''
2060 PRINT USING "14X.'-'Ratico of Specific Hears= D.DDO":s

20 !'IT USING wa.x. ""Vliscosity (un = ".4E" Is/n2
2080 PRINT USING "14X,""Thernai cond (i) = ,.Z.4D.""' (W/m.K) ... ;

2090 c0 RINT USING "IAX .""Prandtl nunoer (Pr) .Z. 3VD:Pr
YO RNT UIN -14X""Entnalpy (Hfc) = ..4DE":H;

- 29 PRINT UJSING "14X.""Densitv (%ho[) .D . (C;g/n 3 h

2120 PRINT US ING; "14X.'-Densirsy (Rthov) = ". 4OY" (kci/m 3...Rhov
2'30 PR TIT UJSING "1X"oitner exp 'Beta) ..40E2," ( Z) :Bt

2140 PRINT US ING "I 4XY"Omega 4D .40.. 'l/s. : -'Omeg;a
2150 -3RLNjT JS IG '-4X. ""SurFace Tension " Z. 4DE2. (N/n .... Stma

* -70!
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- - - . -.. * . . 7. 7 . V C Cr * - *.

224 I 7 THE &

2260 PRIT
22')~~J mo~ jiIt 9  %?CLnt Caiciro

920 P7!)D SING "1lOX.-'% FI !1 Total; Heat'..

220 ME) -Z

20 x(

* 22300 21300

235tj IF ulk olo .T .

.2 L6 0 C-.L.. Rlnt(.j,2,.aX~Tp.x
2370 ELSE

-. . ~~2190 END IF 00rE4 T 70

2410 IF 'kolot-! THENI

-~ 230 ESEF

2450) J= 4.

28 0 ;'1D

500' ~TA.HN Cr1LCUL4T IONS
2510 IF lo-2 THEN

'530 'F J;' 7TEN
'5LL0 PR~t.11

-55 Ri !SI'G 01X.""Erntra;-ing Lini: Caculat ions:'-
2 5 60 PRINT USING "IlOX.. F Li 1 Total He-at...
2'570 END IF*
2530! WALLiS C0RRE;LATI0N j*= .25
2590 IF e1e THEN~
2S00 I F A,,- 1) T HEN GOTO 299n
2610 Jv-.25/Rhov .5S(Omega&2-R--(Rho--Rhov)) *.5
1262 0 jm-Rhov-Jv*At-Hfg
2 630 END IF

2650! jAS7TER CCRRELATI'JN
2660 IF Ie-2 THEN
2S70 IF Pr -0 THEN %-
2680 T1- i/(1- Pc:I100'l))-1
2 -30 ! Tlh( /(PcfI!00))-!
2700 T2-T1*(Rho1/Rhov)^(2/3)
.2 70 IF T1<0 THEN' 2990

'740! (x.5
2750! Xx2Mu~i /MuvJ .25-.hov/Rho 1
K; 276S0 IF G-0J THEN G-1

2790 RevXy.'G0/ 4u
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"CJ

r% 7-S .V -' ~ * .:

InLq \4j- )4 W~ p~ M.0frea

2360 G=& H'-

28 30 END 1

*-2900 z ND TV

2920 Y Or,
232') 7F 7= LTHE Ns T TO 2 99 0

2340 iF ko'Qtfi 7HEA
'90 ALL olgtU:j cXY7,pe .C-x

33)~:T :S NG I 2X,3D.SXZ.DE,4X.Z.3DCE Pf.r: .

29') P PC{ > '00 THEN 1C0TO .3 7320
300)0 IF Okoor-' TH tl

300 ES
3l 4 f END U

7060 C? le-'N 0020
307 IF 1e'1 THEN GOTO 2210
20)8 0 EN-ID U
3091!

200! 3OI1L I CA ^LCULH l TIONS
3110 IF Ios3 THE!J;
32 IFJ;,-J THEN

4% 3 330 PR It
4oa' PQIjlr jSrl,,C, -lX."-9osingj Limit Caicu iar ions:-

3150 PPINT JSTNG " OX . ;, .: ' or I a D
360 EN'lD I F

% ~3!70 TY 0 cfH'OO -HENI GCT' 372.0
3180 AbsD*Le*ACS(1l&50 2
)3!30 S'm-b-. 13*Rhov 5--g Oea'*-Rai-hv 3im).2

3200
3)220 IF 0m<'0 THEN 3230
3230 IF Okiot-l THEN

*32411 CALL 2 lot(JpJc.JdX..Tlyoe.Cx)
3250 ElS
3260 PINT JSING "12-X.S.D.S,:X.Z.4DE.3X.Z.aDE":Prf.om.Om/Ab
3270 END IF
2290g )F 'f>1o0 THEN 0070 3730
3290 J JI+ I
300 IF Okolot-l THEN
3310 Pcf-Ocf'10 .02
3320 ELSE

% 3,33)0 PC;~ _f +1
3340 END IF
335 0070 2200
3360 END I;F

"390! C'ONDENSATO CALCULA TI91NS
3390 7IF %O-4 THEN
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-213 n-r 1 T:5'JQ-UM Cncensina Lnoi- Clicajat tons:
33,0 PRI!1T lIJINGh- "I'0x."' H t eat""

3441) ' AD IF
V ~ 3450 Dt=Tsat-Tiw
v3481) Hdlp=Hf..(*Ru>t/f)

3470 Targ(Rhoi*(Rhoi-Rhov).0jmeaa >P-4faD&/(.I.>O)

3580 'FDEGPL-!i T 1

350IF Pht>150 AND0 h<113 H!
K'- 3530 IF Th>S HEN PRINT EC.H>3!!

3560 X=0c3:
3)570 Y-gm
3580 IF Om<=') mHEN G070 3700
353'1) IF i3koioz=1 THEN
80 0 CA~LL Plot(Jj.,Jc .Jd.X.Y.Type.Cx)
3810. ELSE_
3820 09R,'IT UJSING 2X .ZD .,3X 3D.D" :Pc, ; On
36 30 E7ND IFl

38650 IF Okit 21~

-6 .- ., GDIS

3730 BE1DE'
*3700 7L Z>4 >_fj - _ ' THElGTO32

% 37510 IF 0 ' THE 20C

2 3780j IF '1;'1 ANTHE CRUN La .el
-3790 ENDrlTHN12C

Jo JBE
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Rtorrae u ie' R)Acn (.1.o) (n.) i

-,a :

Rat io of Speciic Heats-I .2127
Viscosity (MID - 4.4I336E-94~ (N.s/n 2

Praniiti nwnocer (Pr) .= 1
7nthaioy (Hea) 2. :I)57E+065
Density (Rho! 9t.8 k/n3
Density (Rhov. = 3 kg/in 2)
Coef ther exp (Beta) = 6.4576E-04 (UK0
Omnega = 377.9 (!.S)
Suriace Tension = 7.70148E-02 (N/rn)
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Coridensina iinit Calcrulations:~ R~j iota" ?-'at

2 64.7
3

7 56... "8 5$ .8''i9 55.5

10 5L4.4J

13

14 49.9
i 5 48. 9

16 47.9
! 7 46.95.'.-. 18 4 .

19 45.0
20 114.0
21 43.1
22 42,2
24 40.5

25 ,2F 3,S? £C
, ,. 27 7 Q

277
-)0

30

'"33 3...14
" 314 32.5

21 .7
36 30 8
37 30.0
38 29 .2'19 28,.
40 27.6
41 26.9
42 26,1
43 25.
44 24.6
45 2".9
46 23.2
4 7 22.5
48 21 . 8

1271'..,

d127
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- . - - . . . . .. V..%'. .r rr1 W r r r~r. . - - r r r r r .~- '~

"-Z'. w

50 2,q "

5;.'...'- 52 ,
53 .
54 17,
55 7

57 16.0
58 i5.4
59 14.9
60
6 1 12. 7
62 .
63 2.6
6412
65 1 .6
66 111

" 67 10.6
68 10.1
99 9.6
70 3.1
71 3.6
72 8.2
7' 7.7

74 7.3
-.. ,75 6.9

76 6.5
7 .77

78 5 6
* 79 S

8 4,9
31

0 
34 -.5
35

'37 5
88 2.

. '"39 " 0

9 0 -.7

91 5
92 ".

03
94 .8
95
96 .4

"-'."., 98 .
"-" 99 •

,- S..
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